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ABSTRACT
Outbreaks o f viral disease in populations exposed to  contam inated environm ents 
have been reported more frequently  in recent years. Published studies had tried  to  
explain virus removal based on soil properties; however, soil m inerals and 
amorphous clay minerals in the soil appear to  have been overlooked. This has led to  
inconclusive and sometimes contrad ictory outcomes, which have often been 
compounded by small sample size. This study aims to  improve the  understanding of 
virus removal by natural soils, by examining the  e ffect o f soil p roperty  interactions 
on virus removal. A set o f data analysis procedures was proposed to  measure the 
effects o f soil p roperty interactions on the removal o f bacteriophage MS2 and 
0X174. The effects o f crystalline soil m inerals and amorphous content o f the soils 
were also considered. Data analysis included univariate m ultip le  linear and logistic 
regression modelling, partial correlation analysis, and means comparison. A to ta l o f 
33 soil samples were collected across the  county o f Surrey, United Kingdom. Soil 
properties were examined using various physico-chemical tests. The removal o f 
bacteriophage MS2 and 0X174 was assessed using these soils. The results showed 
tha t levels o f alum inium , soil pH, to ta l organic carbon, amorphous iron, amorphous 
silicon, and goeth ite  significantly predicted the removal o f MS2. For 0X174, it was 
alum inium , soil pH, free proton, sm ectite and verm iculite . A lum inium , calcium, 
amorphous silicon and to ta l nitrogen divided the data in to  subgroups w ith  the 
greatest contrast o f bacteriophage removal values. Partial corre lation analysis 
showed tha t calcium moderated the e ffect o f many o f the significant soil properties 
on the removal o f both MS2 and 0X174. Verification tests perform ed as batch 
experim ents using KSF, KIO and nepheline syenite soils supported the finding o f the 
regression models, while fu rthe r h ighlighting the im portance o f amorphous clay 
minerals on MS2 removal, and iron on 0X174 removal. This study showed tha t the 
influence o f soil cations, soil minerals, organic m atter and amorphous clay minerals 
should be considered toge the r to  explain virus removal in soils. This principle can 
also be applied to  o ther m icroorganisms and land usage, in order to  improve 
microbial risk assessment.
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CHAPTER ONE 
INTRODUCTION
1.1 B ackground
Recent decades have witnessed outbreaks o f human diseases caused by emerging 
and previously unidentified viruses. A notable example would be the Nipah virus, a 
type o f Paramyxovirus transm itted  mainly through swine. It firs t appeared in the 
Malaysian Peninsula between 1998 and 1999, causing 105 fata lities (Chua 2000). 
From this firs t appearance, Nipah virus is now emerging in Bangladesh (Hsu et al. 
2004), India and countries o f South-East Asia, w ith  o ther reported vectors 
particularly fru it bats (Wacharapluesadee et al. 2010). On the o the r hand, 
waterborne outbreaks o f existing viruses such as Norovirus and Rotavirus have also 
been reported more frequently, w ith  groundwater, lakes and ponds most often 
quoted as the polluted w ater sources (Espinosa et al. 2008; Sinclair et al. 2009; Fong 
et al. 2007).
Case reports o f virus outbreaks often entail comprehensive clinical descriptions, but 
are lacking in environm ental a ttribu tes as part o f the a ttem p t to  explain the 
incidences. A typical example o f th is would be the avian influenza viruses (M eijer et 
al. 2004; de W it and Fouchier 2008). Nevertheless, there  has been gradual 
recognition tha t the environm ental aspect o f pathogenic virus transmission merits 
equal a tten tion  as the clinical and epidem iology aspects. For instance, it was 
realized tha t avian influenza viruses could contam inate w ater sources through wild 
bird excreta; hence the  transmission o f the virus through m igratory birds and w ater 
sources has been assessed (Lénès et al. 2010; M unster and Fouchier 2009; Rohani 
et al. 2009; Brown et al. 2007). However, studying the environm ental aspect o f virus 
outbreaks is challenging when m ultip le environm ental factors are involved (England 
et al. 1998). The challenge is made more d ifficu lt by the restriction on spiking the 
natural environm ent w ith  pathogenic viruses fo r research purpose, and evidence 
tha t w hat is observed in a contro lled experim ent in the laboratory does not 
necessarily reflect w hat occurs in the natural environm ent.
There are many 'unknowns' regarding the m ob ility  and survival o f viruses in the 
environm ent. One such unknown is the  knowledge o f virus interactions w ith  soil 
and water. The lack o f this particular essential in form ation  was highlighted in the 
efforts o f Yates et al. (1987) to  develop models to  tackle w aterborne diseases. 
Similarly, Schijven et al. (2002) found tha t soil heterogeneity was the essential 
facto r tha t determ ined the outcom e o f bacteriophage passage through dune sand 
at a fie ld scale. In a review into the behaviour o f enteric pathogens in soil, 
Santamaria and Toranzos (2003) again called fo r research in to  the ab ility  o f 
d iffe ren t soils in determ in ing the fate o f enteric pathogens. These workers have 
pointed out the pressing research need in studying the fate o f viruses in the 
environm ent, which w ill enable us to  handle virus outbreaks, is virus interactions 
w ith  a varie ty o f soils.
There have been some earlier studies to  assess the effects o f soil properties on virus 
removal (M oore et al. 1981; Hurst et al. 1980; Sobsey et al. 1995; Meschke and 
Sobsey 1998; Chrysikopoulos and Syngouna 2012). However, in providing 
in form ation  specifically directed tow ards virus removal in natural soils, these 
studies had some major drawbacks. Essentially, insuffic ient soil samples were 
examined, natural soils were not used and there fo re  the results had lim ited 
relevance to  the natural environm ent, or the statistical analysis fell short o f linking 
the removal o f viruses to  the  tested soil characteristics through regression analysis 
and only simple correlations were reported. By and large, unless these research 
design drawbacks are overcome in a study using the same set o f soils, critical gaps 
would inevitably still remain in the understanding o f virus removal by natural soil. 
This is simply because in form ation  from  d iffe ren t studies could not be linked 
toge ther d irectly when there are many unknowns and uncertainties resulting from  
the d iversity o f soils, which could themselves suggest d iffe ren t in terpreta tions. This 
study sets ou t to  overcom e these lim itations -  through a single study tha t offers 
d irect links. In order to  identify  which soil properties are im portant fo r 
bacteriophage removal, th is study examined crystalline soil minerals beyond the 
usual clay minerals, and the overlooked am orphous clay m ineral contents o f the 
natural soils, on top  o f o the r physico-chemical and m icrobial characterizations. 
Statistical tests including m ultip le  regression analysis, m oderators and suppressors 
identifica tion, were then perform ed to  explain the effects o f soil p roperty 
interactions on the observed bacteriophage removal.
1.2 A im  and Objectives
This study aimed to  improve the understanding o f virus removal in natural soil, by a 
detailed analysis o f soil properties and the effect o f the ir interactions on the 
removal o f viruses.
The objectives o f this study were:
1) To develop models o f bacteriophage removal by natural soils based on 
regression analysis o f the fo llow ing physical, chemical and biological soil 
properties :
a. Soil texture
b. Percentages o f crystalline soil minerals
c. Concentrations o f Al, Fe and Si from  amorphous clay minerals
d. Exchangeable cations (K, Na, Ca, Mg, Al, Fe, Mn, H^)
e. Soil pH
f. Organic m atte r content (to tal carbon, to ta l nitrogen, organic carbon, 
inorganic carbon)
g. Heterotrophic plate count
h. Soil w a te r content
2) To identify  common and specific soil properties tha t affect the removal o f 
both MS2 and 0X174 through regression analysis
3) To examine the effect o f soil p roperty interactions on the removal o f MS2 
and 0X174 through regression analysis, partial correlations and mean 
comparison o f subgroup data
4) To verify the models using commercial clay samples
5) To evaluate critica lly the  significance o f the findings to  current 
understanding of viral pathogen transmission through soil environm ents.
1.3 Structure o f the Thesis
There are eight chapters in this thesis. Chapter Two presents the lite ra ture review 
regarding the current knowledge o f virus removal by soils, and also some 
in form ation on soil and the relevant statistical methods. Chapter Three presents the 
m ethodology o f virus detection w ith  double layer agar using a new method, which 
is the  Petri dish -  orb ita l shaking incubator, and also the soil sampling and 
processing steps, and the statistical analysis procedures. Chapter Four presents the 
validation results o f the  Petri dish -  o rb ita l shaking incubator method. Chapter Five 
presents the statistical analysis o f results o f this study tha t examines the effect o f 
soil p roperty interactions on virus removal. Chapter Six presents the laboratory 
validation o f the regression models. Chapter Seven presents the  discussion o f the 
research, fo llow ed lastly by Chapter Eight, which outlines the conclusions and 
recommendations.
CHAPTER TWO 
LITERATURE REVIEW
2 Introduction
This chapter presents in form ation  about the behaviour o f viruses in soils. It starts 
w ith  a broader view  o f virus transmission through the environm ent, and general 
knowledge o f soils. This is fo llow ed by more specific in form ation  on virus removal 
by soils.
2.1 W aterborne Viruses O utbreaks and the Persistence o f Viruses in  
Soils
W aterborne enteric viruses are the th ird  most common aetiological agents o f 
w aterborne disease outbreaks a fte r r\or\-Legionella bacteria {Shigella, Salmonella, 
Campylobacter) and parasites (Craun et al. 2010). They are transm itted  through the 
oral-faecal route, shed in high titre  by infected individuals, and are more dangerous 
than waterborne pathogenic bacteria because o f the ir low er infectious dose 
(Ganesh and Lin 2013; Santamaria and Toranzos 2003). W aterborne enteric viruses 
include poliovirus. Coxsackievirus and Enterovirus 71 from  the Enterovirus genus. 
Hepatitis A from  the  Heptovirus genus, Norovirus and Hepatitis E from  the 
Calicivirus genus, rotavirus, reovirus, and astrovirus (Bosch 1998). The infection 
outcomes o f these viruses may be paralysis, meningitis, gastroenteritis, diarrhoea 
and hand-foot-and-m outh disease, which can sometimes be fata l (Bosch 1998; 
Wang et al. 2008; Pang et al. 2000).
Outbreaks o f w aterborne viral disease occur because o f contam inated w ater 
sources, which include groundw ater and surface w ater (Dongdem et al. 2009; 
Borchardt et al. 2003; Fong et al. 2007; Hsu et al. 2009; Kittigul et al. 2006). Viruses 
in w ater sources orig inate from  soils, since viruses attached to  soils are transferred 
in to  w ater environm ent through surface runo ff and subsurface flow  (Sakoda et al. 
1997; Santamaria and Toranzos 2003). The runo ff m ixing zone from  the firs t 1 - 2 
cm o f topsoil is im portan t fo r pathogens transport by surface runoff, and includes 
not only viruses, but o the r bacteria (Gessel et al. 2004). Therefore, the  removal o f 
viruses by soils under the influence o f w a ter is the key feature in studying the fate 
o f viruses in the environm ent (Gerba et al. 1991). M oreover, an analysis o f 
waterborne disease outbreak trends has shown tha t outbreaks occur in the same
m onth as heavy precipita tion fo r contam inated surface water, and tw o  m onths 
a fte r heavy precip ita tion fo r contam inated groundw ater (Curriero et al. 2001).
The persistence o f pathogenic viruses has been reported in various soil 
environments. Hepatitis A virus has been shown to  survive well beyond 20 days in 
soil saturated w ith  treated w astew ater at 10°C (Blanc and Nasser 1996). Poliovirus 
type 1 from  agricultural soil irrigated w ith  sewage sludge was still detected a fte r 11 
days during the summer and a fte r 96 days during the w in te r (Tierney et al. 1977). 
Coxsackievirus in municipal sludge survived fo r 23 weeks in the w in te r in sandy and 
clayey soils (Damgaard-Larsen et al. 1977). Nuclear polyhedrosis virus from  the 
tussock moth was found in soil underneath du ff layers despite non-detection o f the 
virus in the d u ff (decaying plant debris) layers, indicating survival since the last 
epizootic event (Thompson et al. 1981).
2.2 T h e  Use o f Bacteriophages as Surrogates to Study the Fate o f 
Viruses in  the E nvironm ent
Bacteriophages, which are viruses tha t in fect bacteria, and which are harmless to  
humans, have been extensively used as surrogates in the study o f m icrobial risk 
assessment to  indicate pathogenic viruses or bacteria (Havelaar 1991; Duran et al. 
2003; Franke et al. 2009). Somatic bacteriophage and F-specific RNA bacteriophages 
are among the frequently  used surrogates. Somatic bacteriophages infect E. coli by 
attaching to  the  lipopolysaccharide o f E. coli, whereas F-specific RNA 
bacteriophages in fect F-pili producing bacteria (Scott et al. 2002). Somatic 
bacteriophages include the double-stranded DNA T-series bacteriophage (T2, T4, T6 
and etc.) and the single-stranded DNA 0X174, whereas the F-RNA bacteriophages 
included the single-stranded MS2 and f2 (Leclerc et al. 2000). The use o f 
bacteriophages as surrogates o f pathogenic viruses has been propounded because 
the surrogate bacteriophage and the virus share common physical features. For 
instance, PRDl and adenovirus have the  same m ajor coat protein fold, a trim eric  
double R-barrel, pseudo T=25 capsid arrangem ent, a common vertex organisation, 
inverted term ina l repeats and 5 '-te rm ina l proteins, and prote in-prim ed DNA 
replication. However, adenovirus does not have the lipid membrane present in 
PRDl (Stromsten et al. 2005).
Bacteriophages are suggested to  be potentia l surrogates o f enteroviruses. In w ater 
trea tm en t plants, somatic bacteriophage (w ith E. coli host CN13) significantly 
correlated to  human enteric viruses w ith  a corre lation coeffic ient value o f 0.67 
(Payment and Franco 1993). F-RNA bacteriophage and Clostridium perfringens have 
been reported to  be suitable surrogates o f enteric viruses in bivalves (Chung et al.
1998). However, F-RNA bacteriophage was also shown to  be not significantly 
correlated to  pathogen examined in an estuarine water, which included faecal 
conforms, faecal streptococci, Clostridium perfringens spores, Aeromonas spp., 
Giardia spp. and Cryptosporidium  spp. (Ferguson et al. 1996). In another estuary 
study, somatic bacteriophage was significantly correlated to  faecal co liform  levels 
(r = 0.75), but no significant corre lation was shown w ith  F-RNA bacteriophage 
(Ortega et al. 2009). The detection o f F-RNA bacteriophage was reported to  be 4% 
from  well w a ter samples, and was not related to  the presence o f enteroviruses, 
rotavirus. Hepatitis A, and Norwalk-like virus (Borchardt et al. 2003). M eanwhile, 
the  bacteriophage of Bacteriodes (GB-124) has been propounded as an exclusive 
surrogate fo r human adenovirus and norovirus (Ebdon et al. 2011). Wilkes et al. 
(2009) suggested tha t in order to  improve the  understanding o f the predicative 
power o f surrogates, the d is tribu tion  o f the surrogates and pathogens being 
indicated in the landscape, the nature o f the bacteriophage hosts, and the fa te  o f 
both the pathogens and the surrogates need to  be fu rthe r examined.
There have been attem pts to  study the transport o f viruses through surface and 
subsurface flow . This has been carried out by spiking bacteriophages into 
engineered environm ents such as constructed wetland (Adhikari et al. 2013; Harden 
et al. 2003), sandy soils or aquifers (DeBorde et al. 1999; Blanford et al. 2005; 
Schijven and Hassanizadeh 2000). A lternative ly, surface and subsurface w ater 
discharge has been collected fo r the detection o f naturally existing bacteriophages 
(Franke et al. 2009). Numerical models have also been developed based on mass 
advection and circulation in try ing  to  explain the subsurface transport o f 
bacteriophages, mainly based on saturated flow  (Bhattacharjee et al. 2002; 
Hamilton et al. 2006; Yates et al. 1987; Azadpour-Keeley and Ward 2005). 
Meanwhile, bacteriophage removal experim ents have also been conducted as 
column studies when more detailed experim ental conditions, such as the effects o f 
m odified soil materials or suspending medium w ith  d iffe ren t chemical contents, are 
being examined (Flynn et al. 2004; Zhuang and Jin 2008; Foppen et al. 2006). The 
use o f bacteriophages in environm ental risk assessments is a developing fie ld, and 
general consensus on laboratory methods, choice o f bacteriophage and the ir host 
to  ensure specificity and robustness o f detection, and o the r issues are still being 
refined (M esquita et al. 2010)
2.3 Characterization o f V irus  A ttachm ent, Inactivation  and Rem oval
Attachm ent (or adsorption, sorption, binding) is the process whereby 'substances 
accumulate at the common boundary o f tw o  contiguous phases' (Sposito 2004). 
A ttachm ent results in deposition, and the process is influenced by particle-grain
collision tha t depends on particle density and charge (Douch et al. 2009). Virus 
attachm ent to  soils is particularly charge driven, depending on the intrinsic charge 
o f adsorbate (viruses) and adsorbent (various soil particles) at the  attachm ent 
interface, under the influence o f water. The d iffe ren t type o f charges involved in 
attachm ent o f viruses to  clay minerals, a com ponent o f soil, could include DLVO 
forces (energy potentials o f repulsive and attraction  forces), hydration and 
hydrophobic effects, covalent-ionic interactions, hydrogen bonding, cationic 
bridges, repulsive Lennard-Jones forces or others (Chattopadhyay and Puls 1999; 
Tong et al. 2012; Cai et al. 2007).
Reversible a ttachm ent describes a condition in which microbes are removable from  
particle surfaces through shear forces across the surface (for example vortexing), or 
through changes in aqueous phase chem istry (M ills 2003). Reversible a ttachm ent o f 
bacteriophage has been defined in d iffe ren t ways in the lite ra ture, which generally 
involves quantify ing the energy barrier between attachm ent and detachm ent. This 
could be done e ither d irectly through atom ic absorption microscopy, calculated 
em pirica lly w ith  the support o f the DLVO potentia l energy theory, or characterized 
through a pH range (Preston and Farrah 1988; Loveland et al. 1996; Bales e t al. 
1993; Pastré et al. 2003).
Virus inactivation means tha t the virus becomes non-infectious, or unable to  
replicate. This could be due to  irreversible a ttachm ent to  a surface, deform ation of 
the  viral capsid, or damage to  the nucleic acids (Thurman and Gerba 1988). Note 
tha t irreversible a ttachm ent is herew ith defined as a type o f inactivation. The 
de fin ition  o f irreversible a ttachm ent is condition-specific. Irreversibly attached 
viruses as defined under a specific condition, may become detachable, and hence 
become reversibly attached under a d iffe ren t condition, notably w ith  significant pH 
change and ionic strength (Guan et al. 2003; Cao et al. 2009). The inactivation rate 
o f attached virus and suspended (free) virus may be d iffe ren t (Yates et al. 1987; 
Syngouna and Chrysikopoulos 2010). Inactivation could occur at the a ir-w ater 
interface (Thompson et al. 1998) or at a trip le  phase boundary (gas-liquid-solid) 
(Thompson and Yates 1999).
The term  'rem oval o f viruses' implies the sum o f virus inactivation and reversible 
a ttachm ent to  particles (Schijven et al. 2002). In some virus studies, however, the 
te rm  'rem oval' is used interchangeably w ith  'a ttachm ent', where inactivation may 
not necessarily have been examined (Goyal and Gerba 1979; M oore et al. 1981).
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2.4 Soil In fo rm atio n  Related to V im s  R em oval
The study o f virus a ttachm ent to  soils requires a comprehensive knowledge o f soil, 
which is not lim ited to  'clays' and 'sands'. A good description o f soil is given by 
Sumner et al. (2011) who state 'no longer rock nor geological sediment, soil has 
been altered during the process o f soil fo rm a tion  by geological, topographical, 
climatic, physical, chemical, and biological factors to  form  a living entity, which 
inextricably links inorganic or m ineral particles w ith  organic m atter and biota 
bathed in a milieu o f liquid w a te r and gases'. This section presents the concepts o f 
soil in term s o f classification, crystalline and non-crystalline soil minerals, the 
release o f cations from  soils, and in form ation on soil orders.
2.4.1 Rocks, soils and classifications
Rocks are divided in to  three main groups, namely igneous, sedim entary and 
metam orphic. Examples o f rocks include granite, d iorite , gabbro, basalt, dolerite, 
gneiss, schist, phyllite, sandstone, shales and carbonates (Look 2007).
Soils are produced from  rocks through weathering. The com position o f a typical soil 
is 45% minerals, 5% organics, and 25% each o f air and w a ter (Reddi and Inyang 
2000). Soils can be classified based on origins, texture , size, and the more 
comprehensive systematic tiered orders. Table 2-1 provides a summary o f those 
various classifications. The soil descriptions most frequently  used in virus related 
soil studies are based on textu re  and size (Table 2-8). The m ineralogy o f soil may be 
broadly divided in to  silicate and non-silicate minerals, as summarized in Table 2-2. 
Only phyllosilicates and iron oxides have been used among the virus removal 
studies tha t did not use natural soils (Tong et al. 2012; Lipson and Stotzky 1985b; 
Piazzolla 1989; Gutierrez e t al. 2009).
Besides the systemic classification o f soil, soil as a bulk structure itse lf can be 
characterized in term s o f w a ter holding properties, perm eability, aggregation and 
porosity, aggregate stability, density, strength and fe rtility . Many o f these 
characterizations include the  roles o f w a te r and air. Pore sizes in soil can be less 
than 0.2 pm to  more than 10 mm in diam eter. The size range o f 0.2 to  30 pm is 
typically im portant fo r w a te r storing. Hard setting, crusting and surface sealing 
could reduce the hydraulic conductiv ity drastically (Connolly 1998). When soils are 
broken into soil particles, the particles can then be organic or inorganic, orig inating 
from  mineral precipitates, biocolloids, and m acrom olecular com ponents o f natural 
organic m atter (McCarthy and McKay 2004).
Table 2-1 D ifferent Classifications o f Soils
Classification
Method
Description
Origins
Residual
Colluvial
Alluvial
Aeolian
Glacial
Pedological
Size
USDA
British
Standard
Texture
Based on the
(USDA)
In-situ decomposition o f rocks 
Formed by gravitational forces 
Formed by rivers
Fluvial, estuarine, lacustrine, coastal, marine 
W ind blown
Moraines and stra tified  drifts  
M odern soils w ith  soil profiles
Sand (2000 to  50 pm) 
Sand (2000 to  60 pm)
12 textura l classes
Silt (50 to  2 pm) 
Silt (60 to  2 pm)
Clay (< 2 pm) 
Clay (< 2 pm)
percentages ■ Clay ■ Sandy clay ■ Silty clay
o f clay, silt 
and sand
■ Sandy clay loam ■ Clay loam ■ Silty clay loam
■ Sandy loam ■ Loam ■ Silt loam
■ Loamy sand ■ Sand ■ Silt
Soil Orders
W orld ■ Acrisols ■ Chernozems ■ Kastanozems ■ Podzols
Reference ■ Albeluvisols ■ Cryosols ■ Leptosols ■ Regosols
Base fo r soil ■ Alisols ■ Durisols ■ Lixisols ■ Solonchaks
resources ■ Andosols ■ Ferralsols ■ Luvisols ■ Solonetz
(WRB) ■ Anthrosols ■ Fluvisols ■ Nitisols ■ Stagnosols
■ Arenosols ■ Gleysols ■ Phaeozems ■ Technosols
■ Calcisols ■ Gypsisols ■ Planosols ■ Umbrisols
■ Cambisols ■ Histosols ■ Plinthosols ■ Vertisols
United States ■ Alfisols ■ Entisols ■ Inceptisols ■ Spodosc
Departm ent ■ Andisols ■ Gelisols ■ Mollisols ■ Ultisols
o f Agriculture ■ Aridisols ■ Histosols ■ Oxisols ■ Vertisol
Sources: Hunt (2006), W h itlow  (1995) and USDA (2010)
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Table 2-2 Crystalline silicate and non-silicate soil m ineral classification
Group Structural Type Common Soil 
M inerals
Chemical Formula
Silicates
Silica Tectosilicate Quartz SiOz
Feldspar Tectosilicate Orthoclase
Albite
Oligoclase
A north ite
Labradorite
KAISigOg
NaAISigOg
NaxCayAISizOg (x »  y), (z = 2 -3 ) 
CaAlzSizOg
CayNaxAISizOg (y »  x), (z = 2-3 )
Zeolite Tectosilicate C linoptilo lite
Analcime
Na3K3(Al6Si3o072) ■ 24H2O 
NaigAlieSiszOgs ■ I 6H2O
Mica Phyllosilicate
(Dioctahedral)
Muscovite KAl2AISi30io(OH)2
Phyllosilicate
(Trioctahedral)
B iotite K(MgFe")3AISi30io(OH)2
Chlorite Phyllosilicate Chlorite (Fe,Mg,AI)6(Si,AI)40 io(OH)8
Serpentine Phyllosilicate Chrysotile Mg3Si205(0H)4
Am phibole Inosilicate 
(double chain)
Hornblende (Ca,Na)2.3(Mg,Fe,AI)5(Si,AI)8022(0 H)2
Pyroxene Inosilicate 
(single chain)
Augite (Ca,Na)(Mg,AI,Fe)(Si,AI)206
Cyclosilicate Cyclosilicate Tourmaline (Na,Ca)(Li,Mg,AI)(Li,Fe,Mn)6(B03)3Si60 i 8(0 H)4
Sorosilicate Sorosilicate Epidote Ca2(AI,Fe)Al20(Si207)Si04(0H)4
Olivine Nesosilicate Forsterite Mg2Si04
Garnet Nesosilicate Almandine Fe3Al2(Si04)3
Zircon Nesosilicate Zircon ZrSi04
Non-Silicate
Phosphates Insular, hexagonal Apatite Ca5(P04)3(0 H,F,CI)
T itanium  oxide Tetragonal Rutile TiOz
Carbonate Rhombohedral Calcite CaCÛ3
Carbonate Rhombohedral Dolom ite CaMg(CÛ3)2
Iron oxide Cubic M agnetite Fe304
Source: Churchman and David (2011)
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2.4.2 Clay minerals
The ability  o f clay minerals to  attach viruses is due to  the ir cationic exchange 
capacity and surface area (Lipson and Stotzky 1983). 'Clay m inerals' previously 
referred exclusively to  phyllosilicates, but are now defined as minerals tha t im part 
p lasticity to  clay and harden upon drying or firing  (Guggenheim and M artin  1995). 
S tructurally, phyllosilicate clay minerals are hydrated and layered alum inium  
silicates. The layer structure can be a tetrahedra l sheets w ith  Si(IV) as the central 
atom , or an octahedral sheets mainly occupied by A l(lll), Fe(lll) o r Mg(ll). A 1:1 layer 
silicate structure refers to  one tetrahedra l sheet bonded to  one octahedral sheet 
(Figure 2-1), w h ilst a 2:1 structure is tw o  te trahedra l sheets sandwiching an 
octahedral sheet (Figure 2-2). The octahedral sheets are fu rthe r divided into 
dioctahedral type in which triva len t central atoms occupy tw o -th irds  o f the 
octahedral sites, and trioctahedral type in which divalent central atoms are the 
main central atoms (Madejova 2003). The species o f 1:1 and 2:1 clay m ineral groups 
are presented in Table 2-3. Their in terlayer materials and layer charge per form ula 
un it are also shown.
Isomorphic substitu tion, which involves cations w ith  sim ilar ionic radii (Si^^ 
substitu ted by A l^ \ Al "^  ^ substituted by Mg^^etc.), can occur w ith in  the tetrahedra l 
and /o r octahedral sheets o f clay minerals tha t subsequently produce a negative 
charge on the layers. The negative charge can then be balanced w ith  hydrated 
exchangeable cations in the interlayers (octahedral), which usually consist o f Ca^% 
Mg^^ and Na^ (Madejova 2003). The type and quan tity  o f these exchangeable 
cations on clay m ineral surfaces is an im portant characterization facto r among 
d iffe ren t clays. It determ ines the cation exchange capacity o f a clay m ineral, 
measured in m illiequivalents (meq) per lOOg (Yilmaz 2006). M ost clay minerals have 
a net negative charge, due to  isomorphic substitu tion (Barton and Karathanasis 
2005; Tombacz and Szekeres 2004), but positive charge also exists on the clay 
m ineral surfaces. Positive charge on clay minerals is usually produced by 
p ro tonation  o f hydroxy-alum inium  species on the cation exchange sites (Perrott 
1977). A lthough negative charges conferred by isomorphic substitu tion are 
perm anent, pH dependent charges could occur at the edge o f the layers through 
surface hydroxyl groups, especially if the  mineral surfaces are not smooth (Tombacz 
and Szekeres 2004; Petit et al. 2006). The d iffe ren t net charges per form ula unit 
among phyllosilicate clay minerals are presented in Table 2-3.
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Tetrahedral sheet Si Inner OH
Inner surface OH \  /^H -bondsM  \ /  
I  ' I I
Octahedral sheet
Figure 2-1 Tetrahedral and octahedral sheets o f clay m ineral lattice 
Sources: Van Olphen (1977) and Konan et al. (2007)
Tetrahedral sheet 
Octahedral sheet 
Tetrahedral sheet
- K
Figure 2-2 lllite, an example o f 2:1 clay minerals w ith  potassium as in terlayer cation 
Sources: Van Olphen (1977) and Konan et al. (2007)
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Table 2-3 Species o f crystalline phyllosilicate clay minerals
Layer
Type
Interlayer
material
Net layer 
charge per 
form ula unit
Group Octahedral
character
Species
1:1 None or 
H2O only
0 Serpentine - 
Kaolin
Trioctahedral
Dioctahedral
D i-trioctahedral
Lizardite
Berthierine
Amesite
Cronstedtite
Kaolinite
Dickite
Odinite
Nepouite
Kellyite
Fraipontite
Brindleyite
Nacrite
Halloysite
(planar)
2:1 None 0 Talc-
pyrophyllite
Trioctahedral
Dioctahedral
Talc
W illem seite
Pyrophyllite
Kerolite
Pimelite
Ferriphyro
phyllite
Hydrated
exchangeable
cations
0 .2 - 0.6 Smectite Trioctahedral
D ioctahedral
Saponite Stevensite 
Hectorite Sw inefordite 
Sauconite
M on tm orillon ite  N ontron ite  
Beidellite Volkonskoite
Hydrated
exchangeable
cations
0 .6 -0 .9 Vermiculite Trioctahedral
D ioctahedral
Trioctahedral verm icu lite  
Dioctahedral verm icu lite
Non-hydrated
m onovalent
cations
0 .6 - 1.0 True
(flexible)
mica
Trioctahedral
Dioctahedral
B iotite
Phlogopite
Muscovite
lllite
Glauconite
Lepidolite
etc
Celadonite
Paragonite
etc
Non-hydrated 
divalent cations
1.8 - 2.0 Brittle mica Trioctahedral
Dioctahedral
C lintonite
Kinoshitalite
M argarite
Bityite
Anandite
Hydroxide
sheet
Variable Chlorite Trioctahedral
Dioctahedral
D i-trioctahedral
Clinochlore
Chamosite
Pennantite
Donbassite
Cookeite
N im ite
Baileychlore
Sudoite
2:1 Regularly
in terstra tified
Variable Trioctahedral
Dioctahedral
Corrensite
A lie ttite
Rectorite
H ydrobiotite
Kulkeite
Tosudite
Source: M artin  et al. (1991)
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2.4.3 Non-crystalline soil components
An early study showed tha t allophane, a type o f non-crystalline soil com ponent, was 
able to  attach virus (Taylor et al. 1980). The non-crystalline structure is also known 
as amorphous structure, which means molecules o f the structure are arranged 
w ith o u t order (Jackson et al. 1986). Besides the crystalline materials tha t were 
introduced in Table 2-2 and Table 2-3, soil materials also contain appreciable 
amounts o f amorphous materials (Hodges and Zelazny 1980). Some examples o f 
amorphous materials are given in Table 2-4. This table also shows the  comparison 
o f some physical characteristics between crystalline and amorphous soil minerals. 
Compared w ith  crystalline clay minerals, there is a lack o f internal surface or spacing 
in amorphous soil materials, but they have high surface area and there fo re  ionic 
exchange capacity.
Table 2-4 Comparison of physical 
amorphous soil minerals
characteristics between crystalline and
Soil
Component
Size
(nm)
External
surface
(mVg)
Shape Internal
surface
(mVg)
Intralayer
spacing
(nm)
Net negative 
charge /  CEC* 
(cm ol/kg)
Crystalline Silicate 
Clay Minerals
Smectite 1 0 - 1000 70 -1 2 0 Flakes 5 5 0 -6 5 0 1.0 - 2.0 8 0 -1 2 0
Verm iculite 100 -  5000 50 -1 0 0 Plates / 500 -  600 1 .0 -1 .5 100 - 1 8 0
(Dioctahedral)
Mica 200 -  20000 70 -1 0 0
Flakes
Flakes 1.0 1 5 - 4 0
Chlorite 100 -  2000 70 -1 0 0 Variables - 1.4 1 5 - 4 0
Kaolinite 500 -  5000 1 0 - 3 0 Hexagonal - 0.7 2 - 5
Non-crystalline 
(Amorphous) 
Soil Minerals
Allophane 3 - 5 100 -  800
crystals
Spherical NA NA 5 - 3 5 0
Im m ogolite 1 0 - 3 0 7 0 0 -1 1 0 0 Threadlike NA NA 1 9 - 3 7
Halloysite 20 -  200 1 0 - 4 5 T u b u la r/ NA NA 1 0 - 4 0
Ferrihydrite 3 - 7 200 -  600
Spherical
C oatings/ NA NA 1 0 -1 6 0
Opaline Silica 1 0 - 5 0 40 -1 2 0
Spherical
Spherical NA NA < 10
Humus 100 -1 0 0 0 500 -  800 Variable 500 -  800 - 2 0 0 -7 5 0
Source: Brady (1990) and April (2005); * CEC : cationic exchange capacity
15
2.4.4 Cation release in soüs and soil p H
The removal o f virus by soils is partly dependent on cations and soil pH (Walshe et 
al. 2010; Loveland et al. 1996). There are tw o  categories o f cation, the basic cations 
comprising K, Na, Ca and Mg, and the acidic cations comprising Al, Fe, Mn and H^ 
(INBO 2006). The abundance o f cations in soils reported in the United States were in 
the order o f Al > Fe > Ca > K > Na > Mg > Mn (Shacklette and Boerngen 1984).
K, Na, Ca and Mg are soil nutrients fo r vegetation (Jobbagy and Jackson 2001). 
These basic cations could be released from  clay minerals through dissolution o f the 
clay lattice (Feigenbaum and Shainberg 1975). Fungi could produce organic acids to  
dissolve the cations from  rock-form  soil minerals (Landeweert et al. 2001). Once 
available in soils, these cations are absorbed by plants fo r grow th, and are recycled 
to  the soils through decomposing plant litte r (Blair 1988).
Al is released from  acidic soils (van Breemen 1973). It can be subsequently 
transform ed in to  d iffe ren t in term ediate  or ligand form s tha t result as poorly 
ordered amorphous phase, or as the ordered phase o f gibbsite (Huang et al. 2005). 
At pH levels less than five, Al is bound tigh tly  by organic m atter, or gets dissolved 
and hydrated, and subsequently releasing more H \  causing the soil pH to  drop 
fu rthe r (Brady 1990).
Fe occurs as oxides in soils, in the form  o f goethite, hem atite, fe rrihyd rite  and other 
in term ediate  form s (Schwertmann 1991). The availability o f Fe in soil is highly soil 
pH dependent. Iron does not dissolve well between pH 7.4 and 8.5, but dissolves 
well as Fe^^in soils w ith  pH levels lower than 5.5 (Power and Prasad 1997). Iron can 
also be released from  clay minerals through dissolution processes mediated by 
m icroorganisms (Vorhies and Gaines 2009).
Protons, H% are added to  soils through the process o f n itrifica tion , acidic 
atm ospheric deposition, dissolution o f CO2 and weak acids, uptake o f nutrients by 
vegetation and weathering o f soil minerals (Breemen et al. 1983). In particular, the 
re tention  o f am m onium  by biomass contributes a substantial am ount o f protons, 
whereas the release o f Ca from  soils acts as an im portant buffering mechanism fo r 
protons (Verstraten et al. 1990). Organic m atter also consumes protons through 
decarboxylation o f the carboxylic groups and hence increases the soil pH (Van et al. 
1996).
Soil pH is a measure o f the acidity and a lka lin ity o f soil solution, which is dependent 
on the availab ility o f weak acids and weak bases in the soil. Carbonic acids and Al^^
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are im portan t weak acids tha t determ ine soil pH. The conjugate bases o f the  weak 
acids form  the weak bases, and together w ith  the basic cations K \ N a \ Ca^^and 
Mg^^ they buffer the acidity o f soil (Paul and Ulf 2011; Breemen et al. 1983; Brady 
1990).
2.4.5 Soil profile, soil mineral and soil order
Vertical virus m ovem ent through d iffe ren t soil cores in a lysim eter (50 cm diam eter 
by 70 cm height) were shown to  vary greatly (McLeod et al. 2001). Soil p ro file  is a 
vertical face o f the soil tha t contains natural horizons as a result o f weathering and 
land use (Tom 2000). The characterization o f soil orders according to  the USDA 
classification (USDA 2010), which is summarized in Table 2-1, is fu rth e r described in 
Table 2-5. The same type o f soil o rder could contain the same types o f soil minerals, 
but in d iffe ren t proportions (Anda et al. 2008). Clay content increases from  the rock 
layers upwards to  the soil surface (Eswaran and Bin 1978). Vegetation determ ines 
to  a large extent the d is tribu tion  and availability o f soil m inerals and subsequently 
soil nutrients (Jobbagy and Jackson 2001). Besides soil m inerals and organic m atter, 
soil orders also provide in form ation  on w ater drainage, which can be im portan t fo r 
virus m ovem ent in subsurface flow .
Table 2-5 Characterization o f soil orders based on USDA classification
Soil Order W orld
coverage (%)
Characterization
Alfisols 10 ■ Humid /  subhumid area
■ M ainly under forest vegetation
■ Acidic
■ Clays leached into subsoil to  hold w ater and nutrien t
■ M ostly fe rtile
Andisols 1 ■ Volcanic debris
■ Dominated by non-crystalline materials
■ High attachm ent capacities
■ Fertile
Aridisols 12 ■ Dry area
■ Salty layers
■ Lack o f moisture inhibits weathering
■ Common in deserts
Entisols 16 ■ No soil profile developm ent
■ Erosion rate faster than soil developm ent rate
■ Dunes, steep slopes, flood plains
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Soil Order W orld
coverage (%)
Characterization
Gelisols 9 ■ Very cold climates
■ Permafrost on surface
Histosols 1 ■ Plant based organic soils
■ Bogs, marshes, swamps
Inceptisols 17 ■ Semiarid to  humid area
■ Weak soil profile  developm ent
■ W ide range o f characterizations
Mollisols 7 ■ Under grassland or broad-leaf forests
■ Organic rich topsoil
■ Base rich th roughout
Oxisols 8 ■ Tropical and subtropical area
■ Excessively weathered
■ Low fe r tility
■ Fe and AI accumulation
■ Acidic
■ Unresponsive to  lime and fertilizers
Spodosols 4 ■ Sandy soils o f coniferous forests
■ Acidic
■ Organic m atter, AI and Fe leached from  topsoil and
accumulated in B horizons
Ultisols 8 ■ Humid area
■ Intensely weathered
■ Acidic
■ Nutrients concentrated in topsoil only
■ Poor response to  lime and fertilizers
Vertisols 2 ■ Temperate to  tropica l clim ate w ith  d istinct w e t and
dry seasons
■ Swelling clays
■ M in im um  leaching
■ Fertile
Sources: Hunt (2006), W h itlow  (1995) and USDA (2010)
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2.5 V irus R em oval By Soils
The removal o f viruses depends on many factors. This section describes the main 
factors. The term s 'rem oval' or 'a ttachm ent' m entioned in this section fo llow  the 
term s used in the  quoted references.
2.5.1 Soil particle type : clay and sand
Many virus removal studies have characterized the  soil materials used in term s of 
clay and sand (refer to  Table 2-1 fo r a classification o f soils based on 'size'). Typical 
materials described as 'clays' have been phyllosilicate, e ffective ly the clay minerals 
(refer to  Table 2-2 and Table 2-3 fo r in form ation on phyllosilicate clay minerals), 
whereas those described as 'sands' have been mostly quartz. Through batch 
attachm ent experiments, sand has been shown to  be incapable o f removing 
rotavirus and bovine coronavirus (less than 1% removal), as compared w ith  greater 
than 78% removal by charcoal, clay and clay minerals (Clark et al. 1998). Similarly, 
the Corolla sand used by Meschke and Sobsey (1998) also had lim ited attachm ent 
capacity fo r Type 1 poliovirus, Norwalk virus and MS2 compared w ith  o ther clay 
containing soils.
Although sand has been shown not to  remove viruses in batch experiments, when 
sands have been used in soil columns, virus removal has been observed. Sand 
columns (> 95 % sand) have been able to  remove enteroviruses (3.3 x 10^ p fu /m l), 
bacteriophage 0X174 and MS2 (5 x 10^ p fu /m l), and 10^ to  10^° p fu /m l o f MS2, 
0X174, PRDl, Q8 and PM2 (M itchell and Gross 1990; Jin et al. 2000; Schijven et al. 
2000). In one study, fine sand reported bette r removal o f MS2 than medium sand 
w ith  a five logio reduction o f MS2 (Knappett et al. 2008). Column experim ents 
involve filtra tion  tha t includes not only attachm ent, but also various o ther particle 
re tention mechanisms such as straining, gravity segregation, bridging and diffusion 
(Santos and Barros 2010; Jin et al. 2000). These mechanisms produce trapped air 
bubbles tha t form  the  a ir-w ate r interface (AWI) and also so lid-w ater interface (SWI) 
(Sirivithayapakorn and Keller 2003; Torkzaban et al. 2008). It has been 
dem onstrated tha t more bacteriophages are removed in unsaturated sand columns 
through attachm ent at the SWI than AWI generated by the unsaturated w ater flow  
(Torkzaban et al. 2006).
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2.5.2 Clay mineral type
Clay minerals have been tested as a low-technology w ater purification agent (Lund 
and Nissen 1986), and veterinary antiviral agent (Clark et al. 1998). They have also 
been used as adsorbents to  study the  kinetics o f virus attachm ent to  soils particles 
(Chattopadhyay and Puls 2000; Chrysikopoulos and Syngouna 2012). Therefore, 
besides sands, clay minerals are the second type o f soil content to  have been 
reported w ith  respect to  the ir ab ility  to  remove viruses. Kaolinite and d iffe ren t 
form s o f smectite, especially m on tm orillon ite , are the most w ide ly studied clay 
minerals. Removal o f T2, MS2 and 0X174 on hectorite, saponite and kaolinite have 
been reported to  be about above 80%, w ith  hectorite  showing the  highest removal 
(Chattopadhyay and Puls 1999). Upson and Stotzky (1985a) dem onstrated tha t 
more reoviruses became attached to  m on tm orillon ite  than kaolinite, but 
inactivation by m on tm orillon ite  was higher than by kaolinite, as revealed by the 
in fectiv ity  o f reoviruses recovered from  the tw o  clay minerals. In comparison, 
Chrysikopoulos and Syngouna (2012) found tha t kaolinite (clay reference type KGa- 
Ib )  attached more MS2 and 0X174 than m on tm orillon ite  (STx-lb). They used 
bacteriophage titres ranging from  10^ to  10^ p fu /m l. Sodium benton ite , attapulg ite , 
kaolinite, muscovite, c linoptilo lite , Peru clay, and m ordenite were shown to  remove
94.6 to  99.8 % of bovine rotavirus (Clark et al. 1998).
2.5.3 Other Soil M ineral type
Besides sands and phyllosilicate clay minerals, o ther soil m inerals have rarely been 
studied fo r the ir ab ility  to  remove viruses. Apart from  Taylor et al. (1980), only tw o  
o the r previous studies are known to  have been conducted to  examine the capacity 
o f silicate materials o ther than phyllosilicate to  remove viruses. Lo and Sproul 
(1977) assessed the  removal o f poliovirus using silicates produced from  natural 
rocks, whereas Pass et al. (1980) measured the  removal o f T4 bacteriophages using 
commercial synthetic silicates. Their results are presented in Table 2-6. No other 
known studies o ther than these tw o, have used single non-phyllosilicate clay 
m ineral types to  investigate virus removal.
Table 2-6 Removal o f viruses by single non-phyllosilicate soil minerals
Soil Mineral Structural type Virus removal (%)
Actino lite Inosilicate 66
Enstatite Inosilicate 55
Kyanite Nesosilicate 51
M icrocline Tectosilicate 60
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Soil Mineral Structural type Virus removal (%)
Olivine Nesosilicate 78
Sillimanite Nesosilicate 61
Micro-Cel A synthet c calcium silicate 85
Micro-Cel B synthet c calcium silicate 79
Micro-Cel C synthet c calcium silicate 86
Micro-Cel E synthet c calcium silicate 94
Micro-Cel T-13 synthet c calcium silicate 73
Celkate T-21 synthet c magnesium silicate 99.9
Micro-Cel T-26 synthet c calcium silicate 81
Micro-Cel T-38 synthet c calcium silicate 86
Sources : Taylor et al. (1980) and Fass et al. (1980)
2.5.4 The availability of cations
Cations fac ilita te  virus a ttachm ent to  soils by acting as counterions to  both the  virus 
and the soil m ineral surface (Pastré et al. 2003). As such, d ivalent cations (Ca^% 
Mg^^) are more effective than m onovalent cations (K \ Na^) (Lance and Gerba 1984). 
By adding cations to  increase the ionic strength o f the  suspending medium, sand 
and aquifer media packed in soil columns have been shown to  be able to  remove 
MS2 satisfactorily (Knappett et al. 2008; Walshe et al. 2010; Cao et al. 2009).
A lum inium  added as e ither form  o f alum (potassium alum inium  sulphate), PACI 
(polycation alum inium  chloride), alum inium  chloride and alum inium  sulphate, were 
able to  remove bacteriophages Q8, MS2, T4, and P I (Matsushita et al. 2004). The 
reduction o f bacteriophage 0.8 and MS2 titres  a fte r coagulation w ith  PACI and alum 
fo llow ed by filtra tion  w ith  50 nm membrane and scanning electron microscopy 
exam ination showed tha t the reductions were not due to  aggregation, but 
inactivation caused by the coagulants (M atsushita et al. 2011). Commercial nano­
sized iron oxides reported ly attached bacteriophage 0X174, and the attachm ent 
was enhanced by Ca^^ and Mg^^ more than Na^ and K% but attenuated by HCOg and 
H P O / (Shen e ta l. 2010).
2.5.5 Vim s types
Different viruses have the ir own physico-chemical characteristics. For example, 
rotavirus is a large virus w ith  a capsid composed o f three layer o f prote in, while the 
astrovirus capsid is single layered (Espinosa et al. 2008). Varied attachm ent 
characteristics have been shown fo r d iffe ren t viruses, as reported by Langlet (2009)
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using bacteriophage MS2 and 0p . However, it is not well understood how the 
physico-chemical characteristics o f viruses influence the ir attachm ent 
characteristics (Syngouna and Chrysikopoulos 2010). Nevertheless, the differences 
were shown to  be linked to  the  isoelectric point (lEP) o f the virus (Langlet et al. 
2008b). The lEP o f a virus is the pH value tha t changes the net surface charge o f the 
virus from  positive to  negative, or vice versa (M ichen and Graule 2010). When the 
surrounding pH is above the ir lEP, viruses are negatively charged; whereas at pH 
levels below the ir lEP, viruses are positively charged. The attachm ent mechanism 
away from  lEP value is governed by electrostatic forces. However, when the 
surroundings of the viruses are at a pH near to  the ir lEP, the attachm ent 
mechanisms are independent o f surface charges and thus may involve both positive 
and negatively charged attachm ent sites (Zerda et al. 1985; Chattopadhyay and Puls
1999). Of the 137 compiled lEP values fo r viruses, only poliovirus, mengovirus, 
simian rotavirus and PM2 have lEP above pH 7 (M ichen and Graule 2010). The lEP of 
viruses are in turn, linked to  the ir capsid proteins. The capsid proteins in viruses 
contain ionisable amino acids. Charges on the capsid vary among viruses, depending 
on the com position (protein sequences) o f the protein coat, how the amino acids 
are arranged, and also the pH and ionic strength o f the aqueous surrounding 
(Schaldach et al. 2006). M eanwhile, the presence o f fibre, tail or spikes may also 
assist viruses in the ir a ttachm ent to  surfaces (Chattopadhyay and Puls 1999).
2.5.6 Organic matter
Organic m atter, which is sometimes referred to  as soil organic carbon, comes from  
plants, animals, m icroorganisms and the ir exudates (Bononi et al. 2008), and can be 
as small as 2 nm (Lead et al. 1999). Organic m atter has a tw o -fo ld  effect on virus 
a ttachm ent to  soil. It can e ither enhance, or reduce the attachm ent efficiency.
Organic m atters enhances virus a ttachm ent to  soils ind irectly by contribu ting  
acetate, oxalate, ta rta ra te  and phosphate solutes to  the soil system (Huang et al. 
2003). These constituents are highly charged and polyionic due to  the abundance of 
am ino (-NH2) and carboxyl (-COOH) functional groups. Being am photeric, they can 
a lter the charges o f surrounding surfaces through pH dependent reactions (Abudalo 
et al. 2010). As a result, the unfavourable conditions tha t would inh ib it virus 
a ttachm ent could be counteracted. This is most likely to  happen w ith  dissolved 
organic m atter, which are below 20 pm in size (Chantigny 2003). Meanwhile, 
organic m atte r can also m odify surface charges o f soil m ineral particles through 
e lectrostatic stabilization, hence coating the m ineral particles, or even plug into 
the ir pores (Tombacz et al. 1998; Jin et al. 2000). This leads to  the fo rm ation  of 
biofilm s to  which various o ther microorganisms can attach and th rive  (M ills 2003).
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A biofilm  is a com m unity o f microorganisms attached to  a surface and grows in a 
m atrix o f exopolysaccharide, protein, nucleic acid and o the r substances (Davey and 
O 'toole 2000; O'Toole et al. 2000). It can be form ed by singular o r m ultip le  species 
(Mah and O'Toole 2001). Viruses attached to  biofilms survive better. For example, 
Norovirus and F-specific RNA phage were shown to  remain at a stable t itre  in 
natural w astew ater b iofilm  aggregates (Skraber et al. 2009). It has been 
dem onstrated tha t the in fectiv ity  o f rotavirus and astrovirus is be tte r preserved in 
groundw ater compared w ith  surface water, most probably because surface w ater 
norm ally has a higher concentration o f bacteria tha t inhibited the viruses (Espinosa 
e ta l. 2008).
On the o the r hand, organic m atte r could reduce virus a ttachm ent efficiency when it 
competes w ith  viruses fo r a ttachm ent sites. For example, this com petition  has been 
observed between organic m atter and poliovirus. In the simulated groundw ater 
flow  column analysis, polioviruses were able to  break through faster in the column 
w ith  w astew ater tha t contained organic m atter compared to  the  one w ith  clean 
w ater (Lo and Sproul 1977). A lternative ly, soluble organic m atter could bind to  
viruses and subsequently prevent th e ir a ttachm ent to  soil (Bixby and O'Brien 1979).
2.6 E x is tin g  Reports on V irus R em oval By Soils
Eleven reports in the lite ra ture  from  studies tha t examined virus removal w ith  
d iffe ren t soil materials, are summarized in Table 2-7 to  Table 2-9. Table 2-7 presents 
the  bacteriophage types, num ber o f soils, cations and anions examined, cationic 
exchange capacity, pH and conductiv ity reported in these studies. Table 2-8 
presents soil description, amorphous content, surface area, and organic m atter. 
Table 2-9 summarizes the study duration, attachm ent characteristics, regression 
analysis findings, and the overall results. NA ('no t applicable') was assigned in the 
tables where the relevant aspects were not addressed in those studies.
Among the studies, only Hurst et al. (1980) used stepwise m ultip le  regression 
analysis to  examine the  effect o f soil properties on virus removal using firs t hand 
data (Table 2-9). A few  o the r authors (not listed in Table 2-9) had also used 
regression analysis, but not to  specifically assess the effect o f soil properties on 
virus removal. For example, Bae and Schwab (2008) used regression analysis to  
produce models tha t would enable ANOVA comparison between pairs o f tw o  
observations. Quignon et al. (1998) used Doehlert's matrices to  optim ize the 
selection o f experim ental conditions using a single clay m ineral (Na-
23
m ontm orillon ite), before analysing the data w ith  m ultip le  regression analysis to  
assess the effects o f the experim ental conditions.
None o f the studies (Table 2-7 and Table 2-8) quantified the soil minerals contents 
in terms o f bulk soil. Therefore, it could not be known how the individual soil 
m inerals in the bulk soil affected the virus a ttachm ent outcome. Nevertheless, 
some had assessed the ability  o f individual soil m inerals to  attach viruses (Carlson Jr 
et al. 1968; Christian et al. 2006). Amorphous content o f the soils was only 
examined by Taylor et al. (1980) and Chu et al. (2003), who dem onstrated tha t 
allophane (amorphous clay m ineral) attached more virus than m ontm orillon ite , and 
amorphous Fe increased virus a ttachm ent and inactivation. The soil descriptions 
among the studies were mainly lim ited to  soil textu re  (Table 2-8).
In conducting the virus removal experiments, the reviewed studies e ither used one 
or a few  viruses against many soil samples, or many virus types against a few  soil 
samples (Table 2-7). The most ideal research design o f comparing the attachm ents 
o f many viruses using many soils, has yet to  be carried out. The studies also used 
d iffe ren t soil w eight to  w ater volum e ratios, which varied from  a ratio o f 1:1 (Hurst 
et al. 1980) to  500 m g/l o f clay suspension (Carlson Jr et al. 1968).
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CHAPTER THREE 
METHODOLOGY
3 introduction
This chapter describes the m ethodology o f this study in fou r main parts. The firs t 
part, from  section 3.1 to  3.4, explains the bacteriophage removal test in detail, from  
bacteriophage acquisition to  the fo rm a t o f presenting the removal data. The second 
part, as presented in section 3.5, concerns the sampling o f natural soils and testing 
the  removal o f bacteriophage using the  soils. The th ird  part, from  3.6 to  3.11, shows 
how the physical and chemical soil properties o f the soils were measured. The tests 
described from  section 3.6 to  3.8 were done by Quaternary Scientific (QUEST), the 
University o f Reading. The tests from  section 3.9 to  3.11 were perform ed by Forest 
Research Alice Holt, United Kingdom. The last part, from  section 3.12 to  3.13, 
presents the proposed data analysis procedures o f this study to  examine the effects 
o f soil property interactions on bacteriophage removal, and also some statistical 
background.
3.1 Bacteriophage Propagation and M aintenance
Bacteriophage MS2 and 0X174 were selected as representative fo r single-stranded 
RNA and single-stranded DNA viruses respectively. MS2 belongs to  the Leviviridae 
virus fam ily, have a size o f 24 nm and isoelectric po in t (IBP) o f 3.9. 0X174 belongs to  
the M icroviridae fam ily, have a size o f 27 nm and IBP o f 6.6 (W ichman and Brown 
2010; Dowd et al. 1998).
Revival of bacteriophage MS2, 0X174 and their E. coli host. MS2 and 0X174 and 
the ir respective E. coli hosts were purchased from  the National Collection of 
Industrial, Food and Marine Bacteria (NCIMB) Ltd, United Kingdom. The accession 
and batch numbers o f the microorganisms are described in Table 3-1. The tw o  
E. coli hosts were supplied in freeze dried powder form . They were revived 
according to  the m ethod stated by the  supplier. Briefly, glass scorer was used to  
make a file  cut on the  glass vial containing the freeze dried E. coli. The vial was then 
snapped using the provided tube snapper. A fte r the cotton wool in the vial had 
been aseptically removed, 0.5 ml o f Luria broth was added to  dissolve the content, 
and mixed gently w ith  a one pi sterile disposable loop. The E. coli was then
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inoculated onto a few  Luria agar plates and grown at 37°C fo r 24 hours. Single 
colonies were selected and stored in M icrobank storage vials (Pro-Lab Diagnostics). 
Meanwhile, bacteriophage MS2 and 0X174 were supplied as liquid suspension o f 
about 0.5 ml in sealed vials, which were ready fo r im m ediate use. The t itre  o f the 
acquired MS2, as examined in the laboratory, was 1.57 x 10^ p fu /m l and 3.07 x 10^ 
p fu /m l fo r 0X174. All bacteriophage stocks were stored at 4°C.
Table 3-1 NCIMB strains: Bacteriophage MS2, 0X174 and E. coli hosts
Bacteriophage Batch num ber E. coli host Batch num ber
accession num ber accession num ber
MS2 NCIMB 10108 15/10/2010 NCIMB 9481 2/12/2009
0X174 NCIMB 10382 8/12/2009 NCIMB 14067 30/03/2005
Bacteriophage propagation with E. coli host. The propagation o f bacteriophage to  
produce higher volumes was based on the m ethod described by NCIMB. 
A step was modified to  im prove the yield o f propagated bacteriophages, whereby 
the  ratio o f one volum e o f eluted bacteriophage to  one volum e o f four-hour E. coli 
host (log phase grow th) was used. The process o f bacteriophage propagation is 
summarized in Figure 3-1, which comprised tw o  main steps. The firs t was to 
produce to ta l lysis o f the E. coli host in order tha t bacteriophage could be eluted 
from  the agar plates using phage buffer. The constituents o f phage buffe r per litre  
were 50 ml o f IM  Tris-HCI (pH 7.4), 2 g o f MgSÛA and 5 ml o f 2 % gelatin (Sigma- 
Aldrich 48722). The second step was to  pool the eluted bacteriophages in to  four- 
hour E. coli host. The t itre  o f MS2 was 4.78 x 10^ p fu /m l a fte r propagation, and 
stayed constant w ith  storage at 4°C. However, the t itre  o f 0X174 dropped 
considerably a fte r propagation. The firs t 0X174 propagation fo llow ing the exact 
recom m endation o f NCIMB produced a t itre  o f 1.8 x 10^ p fu /m l, but gradually 
reduced to  9 x 10^ p fu /m l a fte r 1 year o f storage at 4°C. The second propagation, 
using the  1:1 ratio o f eluted phage to  fou r-hour E. coli host, produced a yield o f 4.8 
X 10^ p fu /m l. However, the  titre  dropped to  8.1 x 10^ p fu /m l a fte r 3 days, and then 
to  2.16 X 10^ a fte r 3 months.
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0.1 ml o f stock phage + 9.9 ml o f phage buffe r
vortex to  mix well
I
1 ml d iluted phage + 0.2 ml E. coli host 
+ 1.5 ml soft Luria agar on each Luria base plate
double layer agar assay o f 10 Luria agar plates
I
Incubate at 37°C fo r 7 ± 1 hours to  produce to ta l lysis o f the host
I
4.5 ml phage buffe r + 0.5 ml glycerol on each plate
Phage e lution at 60 rpm, 37°C on shaking incubator, 1 hour
i
Extract eluted bacteriophage suspension w ith  5 ml sterile syringe, typically about 
5ml o f e lution is extractable from  one plate
I
Filter sterilization w ith  0.22 pm RES membrane filte r
I
Pool eluted phage from  10 plates in to  sterile polypropylene tube
I
Add 10 ml o f eluted phage to  10 ml o f E. coli host grown fo r 4 hours from  single 
colony, invert a few  times to  mix well
I
Incubate fo r 4 ± 1 hours at 37°C, until the confluent m ixture cleared up
I
Filter sterilization w ith  0.22 pm PES membrane filte r
I
Store in borosilicate glass bottle  at 4°C re frigerator 
Figure 3-1 Bacteriophage propagation with E. coli host
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3.2 B acteriophage D etection  and Q uantification  M ethod
Bacteriophage detection. The double layer agar m ethod was selected fo r 
bacteriophage t itre  quantification in this study (Adams 1959). The com position of 
Luria agar base and soft Luria agar is shown in Table 3-2. The media were sterilized 
at 121°C fo r 15 minutes, and refrigerated at 4°C re frigerator until use. Unused 
media were disposed a fte r one m onth. The pH o f dispensed Luria agar base was 7.0 
± 0.2. A day before the  Luria agar base was to  be used, the plates were taken out 
from  the re frigerator and le ft to  dry overnight on clean benches, inverted w ith  lids 
on. All plates were checked to  ensure dryness before use. Upon usage, soft Luria 
agar was dissolved in a m icrowave w ith  low to  medium heat to  m inim ize the risk o f 
moisture loss, and kept warm  in a w ater bath at 50°C. The agar overlay was done 
using 1.5 ml o f soft Luria agar, 0.2 ml o f E. coli host and 1 ml o f bacteriophages.
Table 3-2 ingredients of Luria agar base and soft Luria agar
Catalogue num ber Luria agar base 
(per 1 litre)
Soft Luria agar 
(per 200 ml)
Tryptone Oxoid LP042B 10 g 2 g
Yeast extract Oxoid LP021B 5 g I g
Sodium chloride Sigma-Aldrich 71376 10 g 2 g
Bacteriological Agar Oxoid LPO llB 15 g I g
Artificial groundwater (AGW) as diluent of batch experiments and serial dilutions.
'A rtific ia l g roundw ater' was used as the only d iluen t in this study, fo r all soil 
suspension and serial d ilu tion  steps. It was selected because o f its relevance to  soil. 
It contains 0.284 g MgS04 .7 H20, 0.032 g NaCI, and 0.266 g CaCl2.2H20 per litre  o f 
deionized w ater (Charles et al. 2009). This is equal to  28 ppm o f Mg, 110 ppm of 
SO4, 13 ppm o f Na, 147 ppm o f Cl, and 73 ppm o f Ca. The concentrations o f the 
added salts in the AGW diluents were low compared to  the naturally available 
cations in soils (refer to  section Table 5-2 and 6-1). Therefore, it was assumed tha t 
the added salts would not affect the  soil a ttachm ent experim ents. It is be tte r to  use 
a d iluent w ith  known concentration o f ions rather than jus t d istilled water, because 
d istilled w ater is hypertonic to  virus particles and is known to  burst them  (Kong et 
al. 2008).
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3.3 Batch E xperim ent
Batch experiments set up in Petri dishes was used in this study. Petri dishes were 
swirled in an orb ita l shaking incubator. Further in form ation  on batch experim ent 
conducted in this Petri dishes -  o rb ita l shaking incubator system are illustrated in 
Figure 3-2.
The working bacteriophage stock was prepared from  the propagated bacteriophage 
storage stock. A 1/10 d ilu tion  o f suitable volum e o f propagated bacteriophage was 
prepared using sterile artific ia l groundw ater (AGW) in centrifuge tubes. The diluted 
working stock was inverted gently a few  times, and then sonicated fo r 30 seconds in 
an ultrasonic bath (Grant XB2 model). The working bacteriophage stock was 
prepared fresh just before the start o f a batch experim ent. For the preparation of 
soil-AGW-bacteriophage m ixture, typically three grammes o f soil was added to  8 ml 
o f AGW and lastly 1 ml o f bacteriophage from  the working stock. The m ixture was 
swirled by hand to  mix well. If the soil particles did not disperse readily, sterile 10 pi 
disposable bacteriological loops were used to  stir and break up the soil lumps as 
much as possible, until all the particles were less than 3 mm in size. The 1 ml o f 
bacteriophage working stock was always added last to  the soil-AGW m ixture, and 
the m ixture was swirled again. The Petri dishes containing the well-m ixed content 
were then stacked up in a pile o f less than six, and swirled in orb ita l shaking 
incubator at 60 rpm, at 24°C. A su ffic ient num ber o f Petri dishes w ith  m ixtures were 
prepared so tha t one Petri dish could be sampled at each tim e points o f 5, 30, 60, 
120 and 180 m inutes o f incubation. The Petri dishes were swirled by hand to  
resuspend any settled soil particles before 1 ml o f content was pipetted from  the 
m ixture to  perform  the relevant step in Figure 3-2. Each 1 ml extract was assayed in 
trip lica te . The d iluent used fo r serial d ilu tion  was also sterile AGW.
Two types o f controls were examined, which were the  'No Spin' control (CA) and 
the 'no soil' contro l (CB). For 'no spin' controls, the  1 ml bacteriophage and soil 
m ixture was d irectly subjected to  serial dilutions, w ith o u t centrifugation, in 
preparation fo r the bacteriophage assay. The same applies to  the 'no soil' control 
which contained only bacteriophage w ith  no soil particles. The in itia l bacteriophage 
t itre  specifically in the 'No Soil' contro l (CA) was denoted as Co. This was the t itre  in 
the Petri dish a fte r the AGW d iluen t and the working bacteriophage stock was 
added.
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JZL 1/10
AGW  diluent
□
Propagated 
bacteriophage 
storage stock
V
Working
Bacteriophage
stock
continue to (1), (2), (3) (4) or (5). Only 1 ml of 
content is drawn from each Petri dish. Sufficient 
Petri dishes are prepared to enable sampling at 
different time points of swirling at 60 rpm and 24°C.
1) Supernatant (SN) : bacteriophage in supernatant after centrifugation
3g soil 
+ 1 ml bacteriophage 
+ 8 ml AGW  diluent
Extract 1 ml \ j  
of mixture
Centrifuge at 
4,500 rpm
V Extract 0.7 ml 
of supernatant V
Serial dilution 
■> and 
phage assay
Continue to (2)
2) Soil pellet (SP) : bacteriophage in re-suspended soil pellet
V Top up to 1 ml with 
AGW  diluent
Vortex to mix 
well V
Decant whole 
content into 
universal bottles
V
Serial dilution 
■> and 
phage assay
3) 'No Spin' control (CA) : bacteriophage with soil in AGW
3g soil 
+ 1 ml bacteriophage 
+ 8 ml AGW  diluent
Extract 1 ml 
of mixture
V
Serial dilution 
and 
phage assay
4) 'No Soir control (CB) : bacteriophage w ithout soil in AGW
Co,
1 ml bacteriophage ___________ ^
+ 8 ml AGW  diluent Extract 1 ml 
i"-"-"-"! of mixture
V
Serial dilution 
and 
phage assay
5) 'Conditioned Supernatant' control (CS) : bacteriophage without soil in
conditioned supernatant
1 ml bacteriophage 
+ 8 ml conditioned
supernatant
i -  - Extract 1 ml 
of mixture
V
Serial dilution 
and 
phage assay
Figure 3-2 Process flow chart of bacteriophage attachment to soil particles
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To produce conditioned supernatant (CS) from  a soil sample (step num ber 5 o f 
Figure 3-2), three parts o f AGW were added to  one part o f soil in 50 ml centrifuge 
tubes. The content was mixed well w ith  10 pi disposable bacteriological loops, 
fo llow ed by swirling fo r 1 hour at 60 rpm in the orb ita l shaking incubator, and 
centrifugation fo r 20 m inutes at 3000 ref. The supernatant was then extracted as 
the  conditioned supernatant (CS), and the soil pellet discarded. A fte r the 
condition ing w ith  soil, CS received additional dissolved a ttribu tes from  the soil on 
top  o f the a ttributes from  AGW (small am ount o f salts were added to  the AGW, 
section 3.2). The a ttribu tes may cause degenerating physico-chemical changes to  
the  bacteriophages and hence inactivation. CS was prepared fresh before use.
3.4 Bacteriophage Rem oval, Inactivation  and A ttachm ent to Soil 
Particles A ccording to the Steps in  B atch E xperim ent
The possible fate o f a bacteriophage particle w ith  the presence o f soil is illustrated 
as a conceptual model in Figure 3-3 (adapted from  Grant et al., 1993). The 
outcomes of the fate o f bacteriophages can be described as attachm ent, 
inactivation, or removal (section 2.3). Inactivation means die o ff and /o r irreversible 
attachm ent. According to  Figure 3-3, to ta l inactivation is the sum o f inactivated free 
bacteriophage (F), irreversible a ttachm ent to  soil particles (A), and the subsequent 
inactivation (B), and inactivation a fte r reversibly attached to  soil particles (E). 
'A ttachm ent' specifically means reversible attachm ent to  soil particles (D). Removal 
is the sum o f to ta l inactivation and reversible a ttachm ent (A + B + D + E + F). 
Bacteriophage attachm ent and bacteriophage removal are tw o  term s tha t have 
been used interchangeably in the lite ra ture, but are given d istinct de fin ition  in this 
study.
Free bacteriophage (C), is the fraction o f bacteriophages tha t remains free even 
a fte r mixing w ith  soil particles (Stagg et al. 1977). The t itre  o f C is detected d irectly 
in the  supernatant (SN) a fte r low speed centrifugation at 4500 rpm (equivalent to  ~ 
1,000 g) tha t separates free bacteriophages from  bacteriophages attached to  the 
soil particles (Step num ber 1 o f Figure 3-2). Centrifugation at low speed (1,000 g) 
works on the principal o f sedim entation velocities, w hereby clay particles w ith  the 
attached bacteriophage w ill be pelleted (co-sedim entation), and the release of 
attached bacteriophage back in to  the supernatant is expected to  be m inimal 
(Lindahl and Bakken 1995; M ayr et al. 1999; Narang and Codd 1979).
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Soil surface %
Figure 3-3 Reversibility o f bacteriophage attachm ent (adapted from  Grant et al. 
(1993).
Co = Initial bacteriophage, titre  detected at the zero m inute o f 'No Soil' control
(CB) in the  Petri dish, same t itre  in step 3 to  step 5 o f Figure 3-2 
C = Free bacteriophage, detected in supernatant (SN) a fte r centrifugation o f
the soil-d iluent-bacteriophage m ixture 
D = Reversibly attached bacteriophage on soil surface, detected in the
re-suspended soil pellet (SP) as free and infectious bacteriophage after 
being detached through vortexing, or as attached and infectious 
bacteriophage in 'No Spin' contro l together w ith  C 
A = Irreversibly attached bacteriophage on soil surface, also considered as
being inactivated, detected simultaneously w ith  B, E and F 
F = Inactivated bacteriophage, previously unattached to  soil particles
B = Inactivated bacteriophage, from  bacteriophage previously irreversibly
attached to  soil particles, detected simultaneously w ith  A, E and F 
E = Inactivated bacteriophage, from  bacteriophage previously reversibly
attached to  soil particles, detected simultaneously w ith  A, B and F
Reversibly attached bacteriophage (D), is the fraction o f bacteriophages tha t 
remains infectious (to the host bacteria), even when still attached to  soil particles. D 
could be detected toge ther w ith  C in step num ber (3) o f Figure 3-2 as the 'No Spin' 
contro l (CA). A lternative ly, the t itre  o f D could also be detected d irectly as the 
bacteriophage titre  in resuspended soil pellet (SP), and enumerated through step 
num ber (2) o f Figure 3-2. Detecting bacteriophage in SP is useful to  ensure tha t 
reversible a ttachm ent had happened. It is assumed tha t vortexing during the 
resuspension o f the SP would provide enough energy to  detach reversibly attached 
bacteriophages from  the soil particles, as the attachm ent energy requirem ent fo r 
MS2 to  benton ite  (a type o f smectite) was reported ly 1 kcal/mol (Stagg et al. 1977).
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Irreversibly attached bacteriophage (A) is also deemed as a fraction o f to ta l 
inactivation. A remained non-infectious and attached to  the soil particle. The 
irreversib ility  o f A as defined in this study was specific to  the use o f AGW as the 
diluent and the experim ental conditions o f this study. A is determ ined toge ther w ith  
B, E and F as to ta l inactivation.
Figure 3-3 depicts the  possible fate o f a bacteriophage particle in the presence o f 
soil. In the absence o f soil, a bacteriophage particle w ill only become e ither C, or F. 
Therefore, F is denoted as Fca when soil is present, corresponding to  the 'No Spin' 
contro l (CA), step 3 o f Figure 3-2. When soil is not present, the F inactivation is 
denoted as FcB, as such in the 'No Soil' contro l (CB), step 4 o f Figure 3-2. The 
magnitudes o f Fca and Fcb inactivation could be d iffe rent, because 'No Spin' contro l 
(CA) gets additional dissolved a ttributes from  the soil on top  o f the dissolved 
a ttribu tes from  AGW, whereas 'No Soil' contro l only gets the dissolved a ttribu tes 
from  AGW. Fca is determ ined through the bacteriophage titre  changes in the 
conditioned supernatant o f soil (CS). Note tha t Fca occurs independently w ith o u t 
attaching to  soil particles, even though soil particles are present.
In brief, a com bination o f Figure 3-2 and Figure 3-3 describes the fo llow ing :
Step (1) -  Supernatant (SN) : detects C d irectly
Step (2) -  Soil Pellet (SP) : detects D d irectly
Step (3) -  'No Spin' contro l (CA) : detects C and D d irectly
Step (3) -  'No Spin' contro l (CA) : detects Fqa, A, B and E indirectly
Step (4) -  'No Soil' contro l (CB) : detects Fcb indirectly; t itre  at zero m inute = Co
Step (5) -  Conditioned supernatant (CS) : detects Fca ind irectly
The in itia l bacteriophage titre , Cq fo r d iffe ren t experim ents is bound to  be slightly 
d iffe ren t across experim ents (section 3.2). Therefore, the removal, inactivation and 
attachm ent data are presented as ratios, as shown in Figure 3-4. Bacteriophage 
removal in the form  o f SN/CS and SN/Cq d iffers in tha t SN/CS does not include the 
fraction o f inactivation caused by the  dissolved a ttribu tes from  soils (FCA). The 
denom inator o f the SN/CS ratio  was the bacteriophage titre  in conditioned 
supernatant at the  end o f the experim ent (the th ird  hour).
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1) Removal  ^ = Supernatant (at 3-hr) /  No Soil (at 0-hr) = SN/Co
2) Removal by reversible and irreversible attachment ^
= Supernatant (at 3-hr) /  Conditioned Supernatant (at 3-hr) = SN/CS
3) Attachm ent‘s = Supernatant (at 3-hr) /  No Spin (at 3-hr) = SN/CA
4) Total inactivation
= No Spin (at 3-hr) /  No Soil (at 0-hr) = CA/Co
5) Inactivation caused by dissolved attributes released by soil and inherent in 
AGW (F c a ) = Conditioned Supernatant (at 3-hr) /  No soil (at 0-hr) = CS/Cq
6 )  Inactivation caused by dissolved attributes inherent in AGW (Fcb)
= No Soil (at 3-hr) /  No Soil (at 0-hr) = CB/Co
 ^ Equivalent to  the C/Co in the general lite ra ture. Comprised o f A + B  + D + E + F 
as shown in Figure 3-3.
 ^Comprised o f A + B  + D + Eas shown in Figure 3-3. F is not included.
*s Reversible a ttachm ent
Figure 3-4 Data presentation as ratio fo r bacteriophage removal, a ttachm ent and 
inactivation
3.5 Soil Sam pling and Testing
Site Selection : Th irty three sites were selected w ith in  the County o f Surrey, United 
Kingdom based on d iffe ren t superficial deposits and bedrock geology, according to  
the  1:625 000 geological map by the  British Geological Survey (BGS). The Surrey 
W ild life  Trust kindly provided fu rthe r vegetation and land use details to  assist in 
identify ing the  exact soil sampling spots. The location details o f the sites and soil 
classification according to  the BGS map are listed in Table 3-3.
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Field Soil Sampling and Processing : Personnel from  the Surrey W ild life  Trust 
assisted w ith  the fie ld soil sampling. Soil samples were acquired using hand trowels, 
and a soil core cu tte r o f 10 cm d iam eter and 13 cm length. The surface vegetation 
and top  soil were firs t cleared, typically digging in to  a depth o f 15 to  20 cm. The soil 
core cu tte r was then placed in the cavity, and a soil core o f about 8 to  10 cm was 
acquired. The soil core was wrapped in three layers each o f cling film  and 
a lum inium  fo il to  m inim ize m oisture loss, and kept in a cool bag w ith  ice pack 
during transport (Figure 3-5). Upon reaching the laboratory, about 5 cm o f soil were 
cut from  the top  of the each o f the soil cores to  harness about 40 g o f working soil 
samples. They were then broken down using a spatula in to  small soil aggregates. 
W ith  clayey soils, an average o f about 5 mm radius o f soil aggregate was mostly 
achievable. During this process, grass, stones, soil invertebrates and o ther organic 
items were removed. A t the end o f this pre lim inary sample preparation process, 
visibly homogenous working soil samples were produced. These were kept in 50 ml 
polypropylene centrifuge tubes, and used on the same day fo r the hetero troph ic 
plate count and soil pH measurement, and the fo llow ing  day fo r the bacteriophage 
removal test.
A dark coloured, 
homogenous sandy 
loam soil before 
being broken 
down.
A lighter coloured 
sandy loam soil 
w ith  bulky stones, 
grass, and dried 
roots before being 
broken down.
Figure 3-5 Soil core samples wrapped in cling film  and alum inium  fo il
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Heterotrophic Plate Count : Nine ml o f artific ia l groundw ater (AGW) were added to  
three grammes o f working soil sample in a Petri dish. The soil and w ater were mixed 
well w ith  a 10 pi sterile disposable bacteriological loop. Soil aggregates were fu rthe r 
broken down into less than 3 mm particles while being in te rm itten tly  swirled by 
hand. The samples were then incubated and swirled continuously fo r one hour in an 
orb ita l shaking incubator at 60 rpm at 24°C. A fte r one hour, 1 ml o f content from  
the Petri dishes was serially d iluted in AGW. Volumes o f 100 pi from  three d iffe ren t 
d ilu tions were spread in trip licates w ith  sterile disposable spreaders onto  pre-dried 
R2A agar (Oxoid CM0906, prepared according to  m anufacturer's instruction). 
Inoculated plates were incubated at 25°C fo r five days. Prelim inary tests in this 
study showed tha t w ith  natural soils, three days o f incubation produced very low 
counts o f microorganisms. Heterotrophic plate counts are recommended to  be 
perform ed using low nu trien t agar, such as R2A, w ith  longer incubation tim es o f up 
to  seven days, to  produce higher counts o f microorganisms (Reasoner 2004).
Soil pH measurement : 10.5 ml o f sterile reverse osmosis w ater was added to  3.5 g 
o f working soil samples in 30 ml sterile disposable polystyrene tubes (Sterilin 
brand). The content was mixed well w ith  a 10 pi sterile disposable bacteriological 
loop fo llow ed by vortexing fo r five seconds. The tubes were then swirled in orb ita l 
shaking incubators fo r one hour at 24°C. The pH o f the soil suspension was then 
measured w ith  a pH m eter (Hanna Instruments HI 9025). The pH m eter was 
calibrated before use. Three to  five readings were taken fo r each soil samples. The 
pH probe was rinsed w ith  plenty o f d istilled w ater a fte r each reading. The accuracy 
o f the  pH measurement was measured w ith  pH 7 buffe r a fte r every soil sample in 
order to  confirm  tha t the  pH probe was functioning well.
Moisture Content : The soil m oisture content was determ ined by drying about 3 to  
5 grammes o f soil overnight at 105°C in an oven. The fo llow ing day, the  dry weights 
were measured tw ice w ith  a gap o f tw o  hours in between to  make sure tha t 
constant weights had been achieved.
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Bacteriophage removal : A bacteriophage removal test fo r the natural soils was 
carried out using the process illustrated in Figure 3-2, step 1, 4 and 5 tha t produced 
supernatant. No Soil contro l and Conditioned Supernatant contro l respectively. 
Bacteriophage titres were measured a fte r three hours fo r the respective steps, 
w hile  the starting bacteriophage titre  (Co) in the No Soil control was also measured 
at the start o f the experim ent. The serially d iluted bacteriophages were assayed in 
trip lica te  using the  double layer agar method (Adams 1959) w ith  Luria agar, and 
were incubated overnight at 37°C. Photographs o f natural soils in Petri dishes are 
presented in Figure 3-6. Two types o f background grow th controls were also tested 
using the double layer agar method w ith  the  lowest d ilu tion  o f the soils (1/10). The 
firs t type was w ith o u t bacteriophage but w ith  E. coli. This was in order to  examine 
w hether there are any plaque form ed by the  autochthonous soil m icroorganisms, 
which may comprom ise the re liab ility  o f the bacteriophage removal test. The 
second type was w ith o u t both E. coli and bacteriophage, to  check how the  Luria 
double layer agars were affected by the grow th o f the autochthonous soil 
m icroorganisms.
Figure 3-6 Natural soils in Petri dishes, photographs taken the next m orning a fte r 
the  experim ent had ended.
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3.6 B u lk  Soil X R D  Analysis
The process o f crystalline soil m ineral detection w ith  X-Ray d iffraction  (XRD) 
analysis, including the sample preparation steps, is illustrated in Figure 3-7 which 
has sub-items numbered from  1 to  5. Soil samples were air-dried at 40°C to  remove 
m oisture content, and then ground w ith  a mechanical grinder in to  a fine powder. 
Further hand grinding w ith  an agate pestle and m orta r was perform ed if the soil 
pow der was g ritty  to  the touch after the  mechanical grinding (image 1 o f Figure 
3-7). The soil powder was then transferred onto the plastic cavity holder carefully 
(image 2). Using a glass slide held at an angle o f 45°, the  soil pow der was packed 
gently by creating riffles across the surface (image 3). A fte r each round o f riffling, 
the holder was rotated to  a random angle, and the riffling  repeated. A fte r repeats 
o f ro tating and riffling, excessive soil powder was tapped o ff gently (image 4). A 
small am ount o f soil powder was added to  the centre o f the holder, fo llow ed by 
fu rthe r ro tating and riffling. The purpose o f repeatedly ro ta ting  the  holder to  a 
random angle fo llow ed by riffling, was to  pack the soil pow der fitt in g ly  inside the 
centre o f the holder, w ith  an disorientated and jagged surface o f the soil powder 
(image 5). This step o f sample preparation was com pleted by covering the surface 
w ith  a glass slide. The jagged surface avoids adhesion and thus orienta ted adhesion 
o f the soil to  the glass slide, which may d is tort the d iffraction  process. The prepared 
holder was then ready fo r XRD d iffraction using the XRD machine (image 4 o f Figure 
3-8). The approxim ate mass percentage o f the crystalline soil m inerals contents 
were calculated based on the w ork o f Hooton and G iorgetta (1977).
3.7 C lay M in era log y X R D  Analysis
The sample preparation fo r clay m ineralogy XRD analysis was slightly d iffe ren t from  
the procedure used fo r bulk soil XRD analysis (Figure 3-8, w ith  sub-items numbered 
1 to  4). The ground soil powder was dispersed in w a te r using a sonicator bath. The 
suspension, which contained soil particles o f less than 20 pm in diameters, was then 
settled and extracted. It was then layered onto a porous ceramic tile  using vacuum 
filtra tio n  (image 1, note the d iffe ren t colours o f the  soils among the tiles). The tile  
was supported by a flexib le holder (images 2 and 3) which was then attached to  the 
XRD machine. Each tile  was subjected to  three d iffe ren t steps o f trea tm ent, in order 
to  identify  d iffe ren t clay mineralogy. This included overnight air drying, saturation 
w ith  ethylene glycol fo r 4 hours, and heating at 375°C fo r 1 hour. A fte r each o f 
these three steps, the tiles were scanned at 2 to  14 theta  o f scanning angle, which 
enables identifica tion o f the kaolinite, chlorite, illte /m ica  and sm ectite clay 
minerals. The percentage of these fou r m ajor groups o f clay minerals was calculated 
according to  W eir et al. (1975).
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Figure 3-7 Sample preparation fo r bulk soil XRD analysis
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Figure 3-8 Apparatus fo r clay m ineralogy analysis
49
3.8 Particle Size D is trib u tio n  (P S D )
Particle size d istribution  in this study was conducted using the  laser granulom etry 
method (Beckman Coulter laser Granulometer). Distilled w a te r was added to  about 
5 g o f soil. The soil was then mixed and ground in to  a homogeneous paste using a 
rubber pestle, during which particles bigger than 2 mm in diam eters were picked 
up. About 10 to  15 representative sub-samples were acquired random ly from  the 
paste, and added to  2 ml o f 3.3% Calgon (a weak dispersant) to  disperse the soil 
particles. A fte r being le ft standing fo r a few  minutes, the sub-samples were washed 
w ith  distilled w ater in to  the  analyser o f the laser granulom etry machine through a 2 
mm sieve. The machine measured soil particles in the range o f 0.04 to  2000 pm. 
Grain size statistics were perform ed w ith  the linked-in G RAD I STAT programme, by 
which mean, median, mode and o ther statistical a ttribu tes o f the soil particles were 
calculated, while the percentages o f sand, silt and clay were also presented (B lott 
and Pye 2001; W h itlow  1995).
3.9 Short-range Fe, A1 and Si E xtraction  F rom  Am orphous Soil 
M inerals  By A m m o n iu m  O xalate M eth o d
Short-range Fe, AI and Si refer to  the chemically reactive  form  o f the three elements 
in amorphous soil minerals (Jones et al. 2000). The am m onium  oxalate was 
prepared as an acidic solution o f pH 3. 50 ml o f oxalate reagent was added to  1 g o f 
soil, and shaken fo r fou r hours in the dark. The content was then transferred to  a 
centrifuge tube, to  which 3 - 4  drops o f flocculent were added and swirled well. 
Following centrifugation, 1 ml o f the supernatant was quantified fo r Al, Fe, and Si 
w ith  atom ic absorbance spectroscopy (INBO 2006).
3.10 Exchangeable Cations (K , N a , Ca, M g , A l, Fe, M n ) and Free  
A cid ity  (H + )
Exchangeable cations and free acidity were measured according to  the manual Part 
Ilia Sampling and analysis o f soil by the International Network o f Basin 
Organizations (INBO 2006). The soil was saturated w ith  0.1 m o l/l o f barium chloride 
(BaClz) solution fo r 1 hour. Following centrifugation, the supernatant was filte red 
and analysed by inductive ly coupled plasma - optical emission spectrom eter 
(Thermo leap 6500 Duo) to  determ ine the concentration o f K, Na, Ca, Mg (basic 
cations) and Al, Fe, Mn (acidic cations). These were the exchangeable cations tha t 
had been extracted from  the soil w ith  the barium cations. A portion o f the 
supernatant was retained fo r the  separate measurement o f free acidity (H^), which
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was mixed w ith  sodium fluoride and titra ted  to  pH 7.8 before being analysed by the 
spectrophotom etry.
3.11 O rganic  M a tte r : T o ta l N itro g e n , T o ta l Carbon, T o ta l Inorganic  
C arbon and T o ta l O rganic  Carbon
Soil samples were subjected to  'ball m illing '. Total nitrogen and to ta l carbon o f the 
soil powder were then analyzed w ith  Carlo Erba Flash 1112 connected to  a gas 
chrom atography column. The soil sample was combusted at very high tem pera ture  
w ith  oxygen gas. Sub-sample o f soil was put into a furnace to  destroy the organic 
carbon. The remaining carbon content in the furnace was the inorganic carbon. The 
am ount o f organic carbon was calculated from  the difference between to ta l carbon 
and to ta l inorganic carbon (INBO 2006).
3.12 Statistical Analysis
Data analysis was perform ed using the IBM SPSS Statistics Data Editor software. The 
main statistical m ethod used was regression analysis. The m ajor concerns in 
in terpre ting  the results o f regression analysis, are the issues o f w hether or not the 
model observed the assumptions o f linear regression, suppression and m oderation 
o f the predictor soil parameters, and m u ltico llinearity  among the  significant soil 
parameters. This section describes how these issues were handled. M eanwhile, 
when a d iffe ren tia l test was needed, the ANOVA test, W ilcoxon Signed Ranks test or 
Kruskal Wallis test was applied where appropriate. The background in form ation 
related to  regression analysis is presented in Appendix A-1 and Appendix A-2.
3.12.1 Analysis of Residuals
Norm ality, linearity and homoscedasticity o f a regression model were assessed 
sim ultaneously through the scatterp lo t o f the residuals o f predicted values and the 
predicted values. The data points o f the scatterp lo t should be random ly d istributed. 
Skewed or curved d istribution  suggests vio la tion o f the assumptions o f norm ality, 
linearity and homoscedasticity (equal variance) o f the regression models. If this 
happens, it is very likely tha t the  explanation power o f the model w ill be 
compromised (Tabachnick and Fidell 2007; Field 2005). An example o f a residuals 
scatte rp lo t is presented in section 5.4.
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3.12.2 Identifying moderators and suppressors : Non-parametric partial 
correlation
'M odera to rs ' and 'suppressors' are variables tha t affect the prediction effectiveness 
o f o ther p redictor variable (Zedeck 1971; Saunders 1956; Conger 1974; MacKinnon 
et al. 2000). Examples o f m oderation and suppression are illustrated in Appendix A- 
2, whereby the  predicted outcome, ie., the  bacteriophage removal, is designated by 
Y; and tw o  predictor variables, ie., tw o  soil properties, were represented by X i and 
X2. Examples o f X2 functioning as a m oderator fo r Xi are shown in Figure A to  C in 
Appendix A-2. As a result o f being 'm oderated ' by X2, X i has a higher zero-order 
corre lation r value w ith  Y than its partial corre lation r value w ith  Y. In contrast. 
Figure D to  E in Appendix A-2 shows X2 function ing as suppressor fo r Xi, producing a 
lower zero-order corre lation r value between X i and Y than the partial corre la tion r 
value between Xi and Y.
From the SPSS coeffic ient table, suppression is identified when the partial (and part) 
corre lation coeffic ient o f a variable is bigger than its zero-order corre lation 
coefficient. In comparison, m oderation happened when the  partial (and part) 
corre lation coeffic ient is smaller than the zero-order correlation coefficient. A 
suppressed or moderated predictor (soil property) in re lation to  the predicted 
outcom e (bacteriophage removal) was only fu rthe r investigated to  identify  its 
suppressors and m oderators when a difference o f more than 0.2 was found 
between the value o f its zero order and partial corre lation coefficients (Tzelgov and 
Henik 1991; MacKinnon et al. 2000).
In short, partial correlation analysis is conducted to  :
i) identify  the soil properties (X2) tha t act as m oderator(s) to  increase the 
enhancem ent or attenuation effect tha t another soil property (Xi) has on 
the removal o f bacteriophages (Y)
ii) identify  the soil properties (X2) tha t act as suppressor(s) to  decrease the 
enhancem ent or a ttenuation effect tha t another soil p roperty (Xi) has on 
the removal o f bacteriophages (Y)
The identifica tion o f suppressors and moderators fo r a soil property was done 
separately through the non-param etric partial correlations. O ther soil properties 
are each assigned as a controlled variable one at a tim e. If the partial corre lation 
value between the bacteriophage removal ratio (Y) and a soil property (Xi) increases 
after contro lling the e ffect from  the o the r soil p roperty (X2), then X2 is deemed a 
suppressor. When the partial corre lation between Y and X I decreases a fte r 
contro lling fo r X2, then X2 is a m oderator fo r Xi and Y.
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The IBM SPSS software does not provide fo r non-param etric partial corre lation test 
readily. Therefore the  test had to  be carried out using syntax commands as sourced 
from  the IBM technical support page (IBM 2012) (h ttp ://w w w - 
01.ibm .com /support/docview .wss?uid=swg21474822). The command was as 
fo llows :
N O N P A R  C O R R X 1 X 2 Y 
/ M I S S I N G  = L IS TW IS E  
/ M A T R I X  O U T ( * ) .
RE C O D E  R O W T Y P E _ ( 'R H O '= 'C O R R ' ) .
P A R TIA L  C O R R X i  Y BY X 2  
/ M I S S I N G  = L IS TW IS E  
/ M A T R I X  I N ( * ) .
3.12.3 Identifying highly correlated pairs of soil properties
An individual soil param eter tha t is highly correlated to  o the r soil parameters is 
revealed by its high VIE value, as shown in the coeffic ient tables o f the  SPSS output. 
An acceptable value o f VIF should be less than five, the smaller the value the better, 
which means less m u ltico llinearity  issue (Leamer 1973; Field 2005; Tzelgov and 
Henik 1991). To identify  which soil parameters are correlated to  the one in 
question, the eigenvalues in the  collinearity diagnostics table o f the SPSS ou tpu t is 
examined. The dimension(s) w ith  the lowest eigenvalue is checked to  determ ine 
which tw o  (or more) soil parameters shared the biggest variance proportion. These 
would be the highly correlated soil parameters.
3.13 Proposed D a ta  Analysis Procedures
The proposed data analysis procedures to  examine the effects o f soil property 
interactions on bacteriophage removal were outlined in Figure 3-9. The dependent 
variables were the M S 2  and 0X174 removal ratios (S N /C o ) .  All the soil properties 
were treated as independent variables. The data was in itia lly  analyzed as a whole to  
produce an overall bacteriophage removal model. Next, the data was divided into 
pairs o f sub-groups based on medians o f soil properties tha t did not have non­
detections. As there were a to ta l o f 33 soil samples in this study, there were hence 
16 cases in the  respective above-median subgroups, and 17 cases in the  respective 
below or equal to  median subgroups. The mean o f these subgroups were examined 
to  identify  five soil parameters tha t produced five pairs o f means w ith  the biggest 
d ifference in values. Linear regression analysis was run fo r these subgroups.
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Subsequently, the soil properties (parameters) identified as significantly related to  
the bacteriophage removal in the overall and subgroup models were compared. 
This in form ation, w ith  fu rthe r supporting details from  independent partial 
correlation analysis, and VIF and beta coeffic ient values from  the models, were 
linked to  delineate the  in teraction among those im portan t soil properties in 
affecting the outcom e o f bacteriophage removal.
Three types o f overall bacteriophage removal models were examined and 
compared to  determ ine w hether sim ilar significant soil param eter predictors could 
be identified by the models. This is because it was expected tha t any soil property 
tha t prom inently affected the  bacteriophage removal would be detected by the 
regression analysis irrespective o f w hether the presented data was transform ed or 
not. The firs t tw o  were univariate m ultip le  linear regressions perform ed using 
stepwise entry, w ith  logio transform ed data and non-transform ed (original) data, 
respectively. The th ird  type was produced from  the binary logistic regression w ith  
forw ard  LR m ethod, also using non-transform ed data. Soil samples w ith  high 
bacteriophage removal (below median o f the removal ratio) were recoded as 1, 
whereas those w ith  low bacteriophage removal (above median o f the removal 
ratio) were assigned the value o f 2. As logio transform ation could not be done w ith  
zero values, the non-detection o f crystalline soil m inerals was assigned as 0.1 % in 
the  data set tha t was to  be logio transform ed. The non-detection cases were kept as 
0.0 % fo r the non-transform ed linear regression and also logistic regression. Trace 
percentage o f crystalline soil m inerals in all three types o f models were assigned as 
0.5 %, as 1 % was the lowest detectable natural num ber value by the soil bulk XRD 
test. The bacteriophage removal ratios fo r the logistic regression were recoded by 
d ivid ing them  into tw o  groups based on the  median o f the ratio.
The common and distinctive soil properties fo r MS2 and 0X174 removal were 
identified from  the  overall regression models tha t had the highest R  ^ value, and 
best fu lfilled  the assumptions o f regression analysis.
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Overall
bacteriophage
removal
Comparing 
means of 
subgroups
Subgroup
bacteriophage
removal
models
Identifying 
m oderator and 
suppressors
Interactions 
Of significant 
soil parameters
Determ ine the mean o f overall bacteriophage removal ratios 
Perform linear and logistic m ultip le  regression analysis to  produce 
models tha t identifies soil properties significantly related to  the overall 
bacteriophage removal ratios.
Logio transform ed data and non-transform ed data were used fo r linear 
regression; binary recoded dependent variables were used fo r logistic 
regression.
Divide the logic transform ed data in to  respective tw o  groups based on 
above (>) and equal or below (<) the medians o f all soil properties (except 
soil pH) tha t were w ithou t non-detections.
Divide the  logic transform ed data in to  tw o  groups based on the 
isoelectric point o f the bacteriophage; one group w ith  pH one un it above 
and below the 1ER, another group w ith  pH one unit near to  the 1ER. 
Determ ine the means o f bacteriophage removal ratios fo r all the 
subgroups.
Compare the means of all subgroups to  identify  five soil parameters tha t 
produce the highest contrasts o f mean values.
Perform linear m ultip le  regression analysis based on the selected five 
pairs o f subgroups to  produce subgroup bacteriophage removal models, 
using logic transform ed data.
Perform regression analysis using o the r pairs o f subgroups if deemed 
necessary according to  general lite ra ture
Examine the zero order, partial and part correlations fo r each param eter 
in all the models to  identify  parameters tha t are being suppressed or 
moderated.
Perform non-param etric partial correlations between the suppressed or 
m oderated soil parameters and the  overall bacteriophage removal ratio, 
contro lling fo r all o ther soil parameters one at a tim e  to  identify  the top  
three suppressor and m oderator parameters.
Identify the significant parameters tha t appear in the overall 
bacteriophage removal models and in most o f the sub-group models 
Identify the  conditions when the suppressed/m oderated parameters 
showed stronger effects on the bacteriophage removal based on the 
subgroup bacteriophage removal models and partial correlations results 
Identify any d istinctly d iffe ren t param eter tha t did not appear in o ther 
models.
Check fo r m u ltico llinearity  among the parameters through VIF values 
from  the models
Arrange the  im portance o f significant predictors based on standardized 
beta coefficients in the models 
Explain the soil properties in teraction
Figure 3-9 Data analysis procedures
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CHAPTER FOUR 
METHOD VALIDATION
4 Introduction
This study used Petri dishes w ith  an orb ita l shaking incubator system to  perform  the 
bacteriophage removal experim ents (section 3.3). This chapter presents the 
validation o f this system. This includes a comparison between the Petri dishes -  
o rb ita l shaking incubator system to  the com m only used centrifuge tubes - spiral 
ro lle r system; and comparison o f the bacteriophage inactivation in glass container, 
polypropylene centrifuge tube and Petri dish. The suitable ratio  o f so il-d iluent fo r 
the  Petri dish system was determ ined, and the hom ogeneity o f soil mixing in Petri 
dishes was examined. In addition, tw o  other validation tests related to  the 
bacteriophage removal experim ent were also presented. This included the choice o f 
centrifugation speed to  harness the unattached bacteriophage, and assessment o f 
the background grow th o f autochthonous soil m icroorganism on double layer Luria 
agar (section 3.5).
4.1 R otating  RoUer w ith  C entrifuge tube VS O rb ita l Shaker w ith  
Petri D ish
Comparison between bacteriophage attachment tests performed with orbital 
shaking incubator and rotating roller. This section presents the comparison 
between the Petri dish - orb ita l shaking incubator system and centrifuge tube - 
ro tating ro ller system in carrying out the bacteriophage removal tests.
Procedures. The tw o  pieces o f equ ipm ent used were the Denley Spiramix 5 ro tating 
ro lle r fo r the 50ml centrifuge (Falcon) tube system, and Lab Companion SI-300R 
orb ita l shaking incubator fo r the Petri dish system, as shown by Figure 4-1. The 
ro tating  ro lle r made 50 rpm o f spiral ro ta tion , while the shaking incubator made 60 
rpm o f orb ita l ro ta tion . Both the bacteriophage MS2 and 0X174 were examined. 
Batch experim ents were perform ed at room tem pera ture  using KIO soil (refer to  
section 6.1 fo r in form ation  on KIO soil), fo llow ing step 1, 3 and 4 o f Figure 3-2. All 
samples were prepared in duplicates, and 3 readings were taken fo r each replicate. 
Samples were removed at 5, 30, 60, 120 and 180 minutes. The bacteriophage titres 
in pairs o f ro tating  ro ller and orb ita l shaking incubator were compared w ith  the 
W ilcoxon Signed Ranks d iffe ren tia l test to  determ ine if they were significantly
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d iffe ren t. Kruskal Wallis test was used to  examine if there was significant changes of 
bacteriophage titre  in the contro l samples over tim e.
#
Figure 4-1 Left: orbital shaking incubator; Right: rotating roller
Results. The MS2 and 0X174 titre  in the  supernatant a fte r centrifugation is 
presented in Figure 4-2 and Figure 4-3, respectively. These represent the titres  o f 
unattached bacteriophage. Significantly higher titre  o f unattached MS2 was found 
in the ro ta ting  ro ller system compared w ith  the orb ita l shaking incubator (p < 0.05), 
whereas no significant d ifference was found between the pair fo r 0X174 (p > 0.05). 
The MS2 and 0X174 titre  in the contro l samples were presented in Figure 4-4 and 
Figure 4-5 respectively. These were the  titres  o f unattached and reversibly attached 
bacteriophages. MS2 titre  was significantly lower in the ro tating ro lle r system than 
in the orb ita l shaking incubator (p < 0.05), which means higher inactivation had 
happened. Again, no significant difference was reported between the pair fo r 
0X174 (p > 0.05). The t itre  o f MS2 contro l samples did not change significantly over 
the three hours duration (p > 0.05), but the t itre  o f 0X174 dropped significantly (p < 
0.05) over tim e. Such contrast between MS2 and 0X174 titre  change over tim e was 
found to  happen again in o ther experim ent, and is discussed in section 4.2.
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Figure 4-2 MS2 t itre  in supernatant a fte r centrifugation, w ith  KIO soil, compared 
between the ro ta ting  ro lle r and orb ita l shaker incubator system
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Figure 4-3 0X174 titre  in supernatant a fte r centrifugation, w ith  KIO soil, compared 
between the ro ta ting  ro lle r and orb ita l shaker incubator system
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Figure 4-5 0X174 t itre  in contro l samples, compared between the ro tating ro ller 
and orb ita l shaker incubator system
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Discussion. Although MS2 showed significantly lower a ttachm ent and higher 
inactivation in the centrifuge tube -  ro tating  ro ller system than the Petri dish - 
orb ita l shaker system, the  differences were all less than 50% o f the titre . It is likely 
tha t this was a bacteriophage type specific observation, as this was not observed 
w ith  0X174. Hence, it is deemed tha t the performances o f the  tw o  systems were 
equal. However, since up to  six Petri dishes can be stacked up as one pile, and an 
orb ita l shaking incubator can take in at least six piles o f Petri dishes, the Petri dish -  
o rb ita l shaking incubator arrangem ent is more space (and hence tim e) effic ient.
4.2 C ontainer Types
Assessing the background bacteriophage inactivation in key consumables used in 
this study. The main consumables used in this study were Petri dishes, centrifuge 
tubes, glass and disposable universal bottles. Thompson et al. (1998) reported tha t 
due to  a ir-w ater interface (refer to  section 2.3), about 99.9% o f MS2 was 
inactivated in polypropylene tubes tha t had no soil particles, whereas this problem 
did not happen w ith  0X174 w ith  a sim ilar setup. They also reported tha t no 
inactivation was observed w ith  glass tubes, fo r both bacteriophages. Therefore, the 
consumables used in this study were assessed fo r background bacteriophage 
inactivation, by measuring the reduction o f bacteriophage titre  over tim e, w ith o u t 
adding soil particles.
Procedures. Three types o f consumables were assessed, namely the 50ml sterile 
polypropylene centrifuge (Falcon) tubes (Corning brand, RNase/DNase-free, 
CentriStar™ cap), 90 mm sterile trip le  vent polystyrene clear Petri dish (Sterilin 
brand), and 28 ml capacity Type 2 soda-lime-silica clear glass universal bottles 
(bought from  Fisher Scientific), w ith  the  alum inium  cap replaced w ith  a w hite  
polypropylene wadless cap. The tests were perform ed fo llow ing step 4 'No Soil 
Control' o f Figure 3-2. Three replicates o f MS2 and six replicates o f 0X174 were 
tested at the tim e  points o f 5, 30, 60, 120 and 180 minutes. The Kruskal Wallis test 
was perform ed to  examine if significant inactivation o f the bacteriophages happens 
over three hours using the  respective containers. Each o f the 5 tim e  points was 
regarded as a category o f data.
Results. The Kruskal Wallis test showed tha t MS2 did not showed significant 
inactivation (p > 0.05). However, significant reduction o f 0X174 was detected in the 
Petri dish (p = 0.013) and universal bo ttle  (p = 0.008), but not in centrifuge tubes (p 
= 0.064). The t itre  reduction (inactivation) o f 0X174 in Petri dish, centrifuge tube 
and universal bo ttle  was 19%, 29 % and 40% from  the respective in itia l titre , Cq. The
60
mean titres o f MS2 and 0X174 over three hours were presented in Figure 4-6 and 
Figure 4-7.
Discussion. MS2 inactivation over tim e is not a concern fo r any o f the three types of 
consumables used in th is study, in contrast to  the find ing o f Thompson et al. (1998). 
As fo r 0X174, the background inactivation has been examined, and subsequently 
appeared to  be unpreventable. A general trend o f t itre  reduction has been 
observed in this study, as noted in 'Bacteriophage propagation w ith  E. coli host' o f 
section 3.1. Nevertheless, the magnitude o f inactivation was relatively small over 
the  short tim e  span o f three hours, during which Petri dishes was shown to  have the 
least inactivation (19%) compared w ith  centrifuge tubes and universal bottle . This is 
the  fraction o f inactivation denoted as Fcb, as the  tests were perform ed fo llow ing 
step 4 o f Figure 3-2.
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Figure 4-6 MS2 titre  in polystyrene Petri dishes, polypropylene centrifuge (Falcon) 
tubes and glass universal bottles over 3 hours
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Figure 4-7 0X174 t itre  in polystyrene Petri dishes, polypropylene centrifuge 
(Falcon) tubes and glass universal bottles over 3 hours
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4.3 Soil to A rtific ia l Groundw ater D ilu en t R atio  in  Petri D ish
Determination of the ratio of soil to artificial groundwater diluent. Virus 
a ttachm ent experim ents could be perform ed w ith  various w eight : volum e ratios o f 
soil to  diluents. For example, Thompson et al. (1998) used 1:1, and W illiamson et al. 
(2003) used 1:3. There is no rigid ratio to  fo llow , and the selection o f the ratio  is 
usually ta ilored to  research design. This study examined the soil to  AGW ratios 
(w eight/vo lum e) o f 1:2, 1:3 and 1:4, in order to  select the most suitable ratio  tha t 
allows good mixing between the bacteriophage and soil w ith o u t spillage.
Procedure. One ml o f MS2 and 3 g o f KSF soil (refer to  section 6.1 fo r in form ation 
on KSF) were added respectively to  5 ml, 8 ml and 11 ml o f artific ia l g roundw ater in 
Petri dishes to  produce soil to  AGW ratios o f 1:2, 1:3 and 1:4. The m ixtures were 
swirled in a shaking incubator fo r 3 hours at 60 rpm. The efficiency o f sw irling was 
observed, and the average titres o f MS2 in the 'No Spin' contro l (CA) (step 3 o f 
Figure 3-2) during the three hours were determ ined.
Results. The soil-AGW m ixture w ith  the ratio  o f 1:2 was viscous, and the overall 
coverage o f the to ta l surface of Petri dish was poor. The ratio  o f 1:4 tended to  spill 
out from  the Petri dish. The ratio o f 1:3 provided the best m ixing efficiency result 
among the three ratios. The average MS2 titres during the 3 hours as detected in CA 
was 2.18 X  10®, 1.95 x 10® and 1.07 x 10® p fu /m l fo r the respective ratios o f 1:2, 1:3 
and 1:4.
Discussion. The highest detected MS2 titre  was observed fo r the ratio  o f 1:2, as the 
am ount o f soil extracted by 1 ml o f m ixture from  this ratio was the highest, 
compared w ith  1 ml o f m ixture o f o ther ratios. This higher am ount o f soil should 
reasonably contain a higher titre  o f MS2, based on the assumption tha t MS2 does 
attach and can be recovered from  KSF. However, MS2 titres  detected by the three 
ratios were w ith in  the same log o f magnitude. Combining the observation from  the 
mixing efficiency w ith  the finding tha t the detectable MS2 titre  among the three 
ratios did not vary much, it was thus suffic ient to  decide tha t 1:3 was the optim um  
ratio and hence this was used throughout this study.
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4.4 H eterogeneity  o f M ix in g  o f Soil-A rtific ia l G roundw ater (A G W ) 
A t T h e  W eight to V o lum e Ratio o f 1:3
Soil weight consistency of the first millilitre of mixture. As illustrated in Figure 3-2, 
only 1 ml o f the soil-AGW (and bacteriophage) m ixture was extracted from  each 
Petri dish in the bacteriophage attachm ent batch experiments. This section 
examined specifically, the consistency o f the firs t ml o f m ixture in extracting the 
sim ilar am ount o f soil from  Petri dishes. Meanwhile, the consistency o f soil weights 
drawn by the subsequent 1 ml m ixture from  the same Petri dish was also tested. As 
the  density o f soil is d iffe ren t among various soils, d iffe ren t soil types were also 
compared to  check if soil density would affect the am ount o f soil drawn by the 
single 1 ml volumes.
Procedure. KSF (Sigma-Aldrich 281530) and Kaolinite (Sigma-aldrich 03584) were 
selected fo r the test, as the  density o f KSF soil was higher than Kaolinite. Three 
grammes o f the soils were added to  9 ml o f AGW in Petri dishes, and were prepared 
in trip licates. All Petri dishes and 1.5 ml centrifuge m icrotubes were labeled and 
the ir weights recorded before use. The soil-AGW m ixtures were swirled by hand to  
mix well. The end o f a 1 ml p ipette  tip  was cut to  produce a bigger orifice, and then 
used to  extract the 9 ml m ixture in subsequent volumes o f 1ml in to the labelled 
m icrotubes. The weights o f the filled  m icrobtubes and Petri dishes w ith  the small 
volumes o f remnants o f the m ixture were measured, and then dried in the oven at 
44°C fo r 2.5 days. The dried weights o f the soils in each m icrobtube were than 
measured. The average dried soil weights o f the firs t to  the n inth ml were 
calculated. The average dried w eight o f the firs t ml was then compared w ith  the 
mean dried w eight o f all individual 9 ml o f extract as percentage. The consistency of 
the am ount o f soil being extracted was reflected through standard deviations o f the 
replicates.
Results. The average weight o f soil-AGW mixture, and the average w eight o f dried 
soil from  the firs t to  the ninth ml o f m ixture are presented in Figure 4-8 fo r KSF and 
Figure 4-9 fo r Kaolinite. The standard deviation e rror bars o f the  compound bars 
showed satisfactory consistencies o f the measurements, w ith  KSF having slightly 
more variance than Kaolinite as a result o f higher soil density. The average dried 
w eight o f KSF from  the firs t ml o f extract was 86.2% o f the mean dried soil w eight o f 
all individual 9ml o f extracts tubes, and 99.6% fo r Kaolinite.
Discussion. This test showed tha t mixing o f soil-AGW in Petri dishes was 
satisfactory, as the am ount o f soil drawn by each subsequent ml o f extracts was 
consistent. A lthough the am ount o f KSF soil drawn by the firs t ml was slightly lower
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than the overall mean, it was assumed tha t this would also be inherent in o ther 
setups and not just in the  Petri dish setup, as this was due to  the KSF soil itse lf being 
denser and heavier. As the mixing o f soil-AGW in Petri dish was satisfactory, it was 
hence assumed tha t the mixing o f bacteriophage-soil-AGW  would also be 
satisfactory in Petri dishes.
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Figure 4-8 Dried w eight o f KSF soil in the firs t and the  rest o f the 9 ml soil-AGW 
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4.5 C entrifugation
Determination of centrifugation speed and duration for bacteriophage 
attachment test. In virus a ttachm ent tests, very d iffe ren t centrifugation speed and 
tim e  have been used to  separate the  unattached viruses from  the viruses attached 
to  soils. For example, 12,000 rpm fo r 1 min (Zerda et al. 1985), 5,800 g fo r 15 min 
(Stagg et al. 1977), and 1,500 g fo r 30 min (Chattopadhyay and Puls 1999). Lindahl 
and Bakken (1995) showed tha t low speed centrifugation was an effective 
sedim entation process fo r bacteria, while  high speed centrifugation was useful to  
suspend bacteria based on the buoyancy principle. This find ing  seems to  suggest 
tha t high speed centrifugation in virus attachm ent tests may detach previously 
attached viruses. This concern has not been addressed in o ther virus a ttachm ent 
findings. Therefore, a test was conducted to  compare the e ffect o f low and high 
speed centrifugation, coupled w ith  d iffe ren t centrifugation duration. It was 
im portan t to  identify  a suitable centrifugation speed and tim e tha t would not re ­
suspend attached bacteriophage.
Procedures. The centrifuge model used fo r this test was Eppendorf Centrifuge 
5415C, and ro to r F451811 w ith  7.3 cm radius. Two centrifugation speeds were 
tested, at 4,500 rpm (equivalent to  1,653 g) and 13,500 rpm (equivalent to  14,874 
g) fo r 1, 3 and 10 m inutes. The relative centrifugal forces (g) o f the tw o  
centrifugation speeds were provided by the centrifuge m anufacturer (Eppendorf). 
Kaolinite soil was chosen, as a more challenging soil type fo r the centrifugation test, 
because its soil particles were harder to  settle, and hence were more buoyant when 
dissolved in AGW. Three grammes o f Kaolinite were added to  8 ml o f AGW in a Petri 
dish, and then 1 ml o f bacteriophage MS2. Two replicates were prepared fo r each 
condition, and each replicate was assayed 3 times. Control samples were also run in 
parallel, in which only MS2 was centrifuged, w ith o u t soil fo r 1, 3 and 10 minutes.
Results. Comparison between the MS2 titre  in spun supernatant produced by 4,500 
and 13,500 rpm w ith  Kaolinite soil was displayed in Figure 4-10, and the control 
samples w ith o u t soil in Figure 4-11. W ith Kaolinite soil, higher MS2 titre  was found 
in the spun supernatant produced by 13,500 rpm centrifugation speed than 4,500 
rpm, in all 3 centrifugation durations, w ith  bigger standard deviations represented 
by e rro r bars. There was no consistent pattern found in the MS2 only contro l 
samples.
Discussion. The results showed a strong indication tha t MS2 detachm ent from  the 
Kaolinite soil may have happened during the 13,500 rpm high speed centrifugation. 
In comparison, the MS2 t itre  in the 4,500 rpm counterpart was consistent fo r all 3
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centrifugation times. Therefore, the low  speed centrifugation o f 4,500 rpm fo r 3 
m inutes was selected as the standard practice fo r this study.
M eanwhile, equal MS2 titre  was expected from  the contro l samples centrifuged at 
the tw o  speeds. If higher MS2 titre  was found in 13,500 rpm, it would mean some 
aggregated MS2 particles were dispersed. It is generally known tha t viruses may 
form  aggregates among themselves (Matsushita et al. 2011; Langlet et al. 2008a), 
and as a result give an underestim ated plaque counts w ith  cu lture based methods, 
because a few  aggregated viruses would only form  a single plaque. If a lower MS2 
t itre  was found in 13, 500 rpm, it would mean tha t some portion o f the MS2 
particles was destroyed through the centrifugation. These possible patterns should 
hold true  regardless o f centrifugation duration. However, none o f the possible 
patterns occurred consistently w ith  all the three centrifugation durations. Therefore 
from  the  contro l samples w ith o u t soil, it could not be concluded w hether MS2 was 
dispersed, maintained or destroyed in high speed centrifugation.
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Figure 4-10 MS2 titre  in supernatant a fte r mixing w ith  Kaolinite and centrifugation
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Figure 4-11 MS2 titre  in contro l samples (w ithou t soil) a fte r centrifugation
4.6 Background G row th C ontrol on L u ria  D ouble  Layer A gar
This section presents the results o f background grow th controls on Luria double 
layer agar, perform ed using the natural soil samples (section 3.5). The double layer 
agars o f the tw o  types o f background growth controls showed tha t although 
autochthonous soil m icroorganisms would inevitably grow  as the soils were not 
sterilized (refer to  the right panel o f Figure 4-12), the ir g row th became negligible 
when the  £  coli host was added and overgrew on the plate (refer to  the  le ft panel 
o f Figure 4-12). No plaque was observed in all the double layer agars o f background 
grow th  controls w ith  only £  coli. Hence, the cred ib ility  o f the bacteriophage 
removal test w ith  the  unsterilized natural soils was shown to  be good.
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CHAPTER FIVE
MODELLING THE REMOVAL OF BACTERIOPHAGE 
MS2 AND 0X174 BY NATURAL SOILS: EFFECTS 
OF SOIL PROPERTY INTERACTIONS
5 Introduction
This chapter presents the m ultip le  regression models o f the removal and 
inactivation o f M S 2  and 0 X 1 7 4  by the natural soil samples collected in this study. 
The bacteriophage removal models were based on the bacteriophage removal 
ratios (S N /C o),  whereas the bacteriophage inactivation models were based on the 
Fca inactivation ratios (CS/Co) (refer to  Figure 3 - 4  fo r the defin itions o f S N /C o  and 
CS/Co). All o f the data analysis presented in this chapter was perform ed using logio 
transform ed data, except where noted. The exam ination o f the effect o f soil 
property interactions on the removal o f M S 2  and 0 X 1 7 4  was achieved through a 
few  analysis steps, which included the analysis o f suppression and m oderation, and 
analyzing the subgroup bacteriophage removal models produced from  subgroup 
data. These results are also presented in this chapter. It is im portant to  note tha t 
smaller S N /C o  and C S /C qvalues mean higher removal and inactivation (by dissolved 
soil a ttributes) respectively, and vice versa. Therefore, a positive correlation 
between a soil property (soil param eter) and bacteriophage removal (or inactivation) 
is indicated by a negative beta coeffic ient or negative coeffic ient corre lation (r), and 
vice versa. The o rder o f im portance among the soil properties could be arranged 
according to  the magnitude o f beta coeffic ient values.
The logio transform ation o f the ratios o f SN/Co and CS/Cq produces values less than 
or equal to  zero. Therefore, the overall means and subgroup means o f 
bacteriophage removal are presented in negative values, whereby zero means no 
removal, - 1  means one logic, or 90 % removal; -2  means tw o  logic, or 99 % removal, 
and so on. M eanwhile, when a corre lation between tw o  soil properties was 
examined (not involving the bacteriophage removal), the norm o f a positive beta 
coeffic ient indicating positive correlations holds, and vice versa. The in terpre ta tion  
o f suppression, m oderation, and m u ltico llinearity  from  the SPSS o u tpu t tables 
fo llow s section 3 . 1 2 . 2  and 3 . 1 2 . 3 .  In addition, the value o f a model is read from  
the  model summary table, which also shows previously selected soil parameters 
tha t lead to  the build-up o f the  final model.
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5.1 Bacteriophage R em oval and Inactivation  by Dissolved Soil 
Attributes
The bacteriophage removal ratios (SN/Co) and ratios o f bacteriophage inactivation 
by dissolved soil a ttribu tes (C S /C q) are presented in Table 5 -1 , which also records 
the  median, geom etric mean and arithm etic mean o f the  tw o  types of ratios fo r 
MS2 and 0X174. The median o f MS2 and 0X174 removal ratios was equivalent to  
about a tw o  logic reduction. The inactivation (C S /C q) of MS2 and 0X174 were both 
m inim al: less than one logic reduction. The removal ratios were also divided in to  
five ranges (0.1 < , 0.01 -  0 .1 , 0.001 -  0 .0 1 , 0.0001 -  0 .001 , and < 0.001), and the 
respective percentages related to  the 33 soil samples are presented in Figure 5 -1 . 
0X174 was removed more e ffic ien tly  than MS2 by the natural soils, judging from  
the percentages of S N /C q w ith  values o f less than 0 .0 1 .
Ratio of Bacteriophage Removal (SN/Cq) 
IVIS2 0X174
9%
15%
46%
18%
12%
6%
6%
27%
37%
24%
■  0.1 <
■  0.01 0.1 
■  0 .001 -0 .01  
■  0 .0001-0 .001  
■  < 0.0001
Figure 5-1 Percentages o f bacteriophage removal ratios (SN/Cq) according to  ranges
71
Table 5-1 Removal and inactivation ratios o f MS2 and 0X174
No. Site Ratios of Removal 
(SN/Co)
Ratio of Inactivation 
by dissolved soil 
attributes (CS/Cq)
MS2 0X174 MS2 0X174
1 W oodbridge 0.31742 0.43111 0.76400 0.55556
2 The U Lake 0.38818 0.03131 0.89600 0.70370
3 Scholar W alk 0.31687 0.39519 0.89333 1.00000
4 The M ount 0.63313 0.53914 0.91552 0.68810
5 Royal Surrey 0.66658 0.80648 0.73103 0.85531
6 W orplesdon 0.64746 0.43220 0.87931 0.83601
7 Busbridge 0.09574 0.02529 0.44545 0.80357
8 Compton 0.00022 0.00172 0.60727 1.05000
9 Unstead 0.13101 0.04934 0.45091 0.35714
10 Binton W ood 0.00755 0.00811 1.46269 1.77236
11 Ash Green 0.12203 0.05858 0.91045 0.57724
12 Newbury 0.75165 0.40361 0.98636 0.63107
13 Paper court 1 0.57738 0.01135 1.00189 0.55422
14 Paper court II 0.02956 0.02268 1.18421 0.58182
15 The Forest 0.00008 0.00038 0.22727 0.44578
16 W isley 1 0.01884 0.01202 0.49242 0.63855
17 W isley II 0.00265 0.00534 0.33144 1.57229
18 Thorpe Hay 0.92381 0.36730 1.27273 1.48193
19 Cobham 1 0.00052 0.00104 0.24053 0.59036
20 Cobham II 0.00084 0.00434 0.61742 1.48193
21 Blindley Heath 1 0.16283 0.00244 0.71217 1.05455
22 Blindley Heath II 0.00194 0.00421 0.16447 0.67273
23 Tilsburstow 0.00019 0.00136 0.08717 0.18182
24 Spynes Mere 1.15552 0.04208 1.14309 1.09091
25 The Moors 1.26720 0.65506 0.95395 1.25455
26 Hackhurst 1 0.00178 0.00260 0.74671 1.80000
27 Hackhurst II 0.07293 0.45351 0.84539 1.30909
28 Thundry Meadows 1 0.23662 0.00844 0.94366 0.41406
29 Thundry Meadows II 0.00851 0.00660 0.18028 0.44531
30 Rodborough 0.00193 0.00195 0.07465 0.46875
31 Shere W oodlands 0.00090 0.00058 0.22535 0.55469
32 Fir Tree Copse 0.00004 0.00002 0.25070 0.22656
33 Cucknells 0.00005 0.00009 0.16338 0.40625
Median 0.07293 0.01135 0.73103 0.67273
Geometric Mean 0.02103 0.01452 0.51886 0.71087
A rithm etic  Mean 0.25885 0.14501 0.66064 0.81989
logio o f Geometric Mean -1 .68 -1 .84 -0 .28 -0 .15
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5.2 A nalysis o f  Soil Properties
The soil properties o f the 3 3  natural soil samples are presented in Table 5 - 2 .  The 
average pH levels o f the soils were acidic, at around pH 5. According to  the 
geom etric means, the concentration o f the  cations were in the order o f Ca > AI > Mg 
> K > Na > Mn > H^ > Fe. For organic m atter, the w e ight percentage o f to ta l carbon 
was more than ten-fo ld  higher than to ta l nitrogen, and to ta l organic carbon was the 
m ajor constituent compared to  the percentages o f to ta l inorganic carbon. M oisture 
content o f the soils ranged from  1 0  to  5 1 % .  Amorphous content fo llow ed the order 
o f Am. Fe > Am. AI > Am. Si. Non- detection (ND) o f crystalline soil minerals was 
w ide ly reported. In some cases, trace percentages were found, and were 
subsequently assigned a value o f 0 .5  % (section 3 . 1 3 ) .  The percentages o f the ten 
most common types o f crystalline soil minerals as determ ined by bulk soil XRD 
decreased as Quartz > Smectite > Calcite > Mica > Kaolintie > M icrocline > Smectite- 
Verm iculite  > Goethite > A lb ite  > Verm iculite.
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5.3 R esults o f  Screening o f  data
Data screening in this study fo r the purpose of regression analysis involved checking 
the norm ality o f all the  data; and the linearity between the bacteriophage removal 
ratios and the individual soil properties. Norm ality o f the data was assessed using 
the Shapiro-W ilk norm ality test. When a param eter was not norm ally d istributed, 
logio transform ation was perform ed and the norm ality o f the logic transform ed 
data was subsequently examined. Three soil properties were already in logic scale 
as in the original data, which were the heterotrophic plate count (HPC), particle size 
d is tribution  (PSD), and soil pH. Therefore these three properties were not fu rthe r 
transform ed. The linearity screening involved p lo tting  the respective soil properties 
against MS2 and 0X174 removal ratio on the same graph.
The results o f norm ality screening showed tha t none o f the data were norm ally 
d istributed (p<0.05), except the  heterotrophic plate count (p = 0.868) and MS2 
inactivation (p = 0.115) (data not shown). A fte r logic transform ation, MS2 removal 
and inactivation, silt percentage, Ca, Al, Fe, and to ta l carbon remained not norm ally 
d istributed (p < 0.05). The particle size d istribution  and soil pH were also not 
norm ally d istributed. The Shapiro-W ilk norm ality test results fo r all the transform ed 
and the three non-transform ed soil properties are presented in Table 5-3. 
A norm ality test was not perform ed fo r the crystalline minerals, because as can be 
seen from  Table 5-2, there  were many non-detections among the cases o f the 
crystalline minerals. The descriptive statistics fo r the overall data are also presented 
in Appendix C-1 and Appendix C-2 fo r the non-transform ed data and logic 
transform ed data, respectively.
The scatterplots o f individual soil properties against MS2 and 0X174 removal ratios 
are presented in Appendix C-3. All the parameters were p lo tted  using logic scale. 
The crystalline soil m inerals were not p lo tted  except fo r quartz because o f many 
non-detection cases. None o f the  soil properties displayed linear relationship w ith  
the  bacteriophage removal ratios. The d istributions o f most o f the scatterplots were 
random. Nevertheless, an oval shape was form ed by the scatterp lo t o f Ca, and a V- 
shape by soil pH, whereas tw o  clusters were noted on the scatterplots o f Al and Fe. 
The scatterp lo t o f Ca and Al against MS2 and 0X174 are presented in Figure 5-2.
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Figure 5-2 Scatterplots o f Ca, and Ai against MS2 and 0X174 removal ratios.
The removal ratios were d istributed in an oval shape in the scatterp lo t against Ca; 
and tw o  d istinct clusters in the scatterp lo t against Al. There are 33 data points each.
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Table 5-3 Norm ality o f data a fte r logio transform ation
Tests of Normality
Kolmogorov-Smirnov^ Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
MS2 Removal .160 33 .031 .903 33 .006**
QX174 Removal .153 33 .049 .949 33 .123
MS2 Inactivation (CS/Co) .200 33 .002 .886 33 .002**
QX174 Inactivation (CS/Cq) .086 33 .200* .970 33 .478
Heterotrophic Plate Count*** .086 33 .200* .983 33 .868
Particle Size Distribution*** .205 33 .001 .755 33 .000**
Sand .149 33 .062 .936 33 .053
Silt .153 33 .048 .911 33 O il**
Clay .100 33 .200* .960 33 .260
Soil pH*** .151 33 .055 .890 33 .003**
K .141 33 .096 .942 33 .078
Na .130 33 .167 .935 33 .050
Ca .153 33 .047 .919 33 .017**
Mg .127 33 .192 .949 33 .121
Al .219 33 .000 .872 33 .001**
Fe .199 33 .002 .906 33 .008**
Mn .087 33 .200* .976 33 .656
H^ .098 33 .200* .965 33 .347
Total Nitrogen .122 33 .200* .937 33 .056
Total Carbon .119 33 .200* .927 33 .029**
Total Organic Carbon .114 33 .200* .944 33 .088
Total Inorganic Carbon .129 33 .178 .939 33 .062
Moisture Content .134 33 .140 .964 33 .329
Am. Al .094 33 .200* .965 33 .360
Am. Fe .108 33 .200* .972 33 .525
Am. Si .100 33 .200* .954 33 .177
*. This is a lower bound of the true significance 
a. Lilliefors Significance Correction 
** Not normally distributed
*** Logio transformation was not performed as these parameters were already in logic scale
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5.4 Results o f U nivariate  M u ltip le  L inear Regression and B inary  
Logistic Regression
This section presents the results o f the three types o f overall bacteriophage 
removal models tha t were produced from  logio transform ed data (Table 5-5 to  
Table 5-7 and Figure 5-3), non-transform ed data (Table 5-8 to  Table 5-10 and Figure 
5-4), and binary recoded data (Figure 5-5 and Figure 5-6). Two subgroup models 
based on the median o f bacteriophage removal ratios (Table 5-11, Table 5-12, 
Appendix C-4 and Appendix C-5) are also presented. The arithm etic  mean o f the 
bacteriophage removal ratios o f those models, the adjusted values, the 
standardized beta coefficients and the soil param eters significantly predicting the 
bacteriophage removal outcomes, are summarized in Table 5-4. The SPSS outputs 
fo r the  respective models presented include the model summary tables, coefficients 
tables, co llinearity diagnostic tables and the residual scatterplots. The respective 
equations fo r the models are as follows:
Linear regression logio transformed data : MS2 removal ratio
= -  2.720 -  1.544 (Al) + 0.423 (Soil pH) + 1.623 (TOC) + 1.361 (Am. Fe)
-  0.209 (Am. Si) -  0.490 (Goethite)
Linear regression logio transformed data : 0X174 removal ratio
= -  3.335 -  0.643 (Al) + 1.484 (H^) + 0.397 (Soil pH)
-  0.179 (Smectite) -  0.893 (Verm iculite)
Linear regression non-transformed data : MS2 removal ratio
= -  0.758 + 0.160 (Soil pH) + 0.0026 (K) -  0.0023 (Mg) + 0.00074 (Am. Si)
Linear regression non-transformed data : 0X174 removal ratio
= 0.555 + 0.150 (Soil pH) + 0.000044 (Ca) -  0.0072 (Smectite) -  0.239 (HPC)
Logistic regression non-transformed data
Probability o f high MS2 removal
= e [ -  18.948 + 3.234 (pH) + 4.959 (H^) -  3.645 (Goethite)] /  1 + e [ -  18.948 + 3.234 
(pH) + 4.959 ( H i -  3.645 (Goethite)]
Probability o f low MS2 removal = 1 -  Probability o f high MS2 removal 
Probability o f high 0X174 removal
= e [4.568 -  0.045(AI) -  0.00024(Am. Fe)] /  1 + e [4.568 -  0.045(AI) -  0.00024 (Am. 
Fe)]
P robability o f m inim um  0X174 removal = 1 -  Probability o f high 0X174 removal
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Although the relationships between the bacteriophage removal ratios and the  soil 
parameters were not linear, as were seen in Appendix C-3, and the  logio 
transform ed values o f MS2 removal and inactivation ratios, silt percentage, Ca, Al, 
Fe, and to ta l carbon percentage were not norm ally d istributed (section 5.3), the 
transform ed data nevertheless produced models tha t yielded random ly d istributed 
residuals (Figure 5-3). Therefore, the logio transform ed models were deemed 
acceptable in term s o f observing the assumptions o f linear regression analysis. On 
the o ther hand, the residuals plots produced by the bacteriophage removal models 
based on non-transform ed data (Figure 5-4) showed tha t heteroscedasticity 
occurred among the data (Field 2005).
The models produced from  non-transform ed data and logio transform ed data 
selected some sim ilar and d iffe ren t significant soil properties. Soil pH and Am. Si 
were selected by both the MS2 removal models, whereas fo r 0X174 removal it was 
soil pH and smectite. However, Am. Si was deemed to  enhance the removal o f MS2 
(3 = - 0.897) in the logic transform ed model but the non-transform ed data showed 
tha t Am. Si had an a ttenuation effect (3 = 0.436) on MS2 removal.
The pool o f significant soil properties (not including soil pH, Am. Si and smectite) 
selected through the MS2 removal models produced from  the transform ed and 
non-transform ed data, and arranged according to  the ir im portance to  MS2 removal, 
were in the order o f Al > Mg > K > TOC > Am. Fe > Goethite. For 0X174, it was Ca > 
HPC > Al > H"" > verm iculite . Note tha t these orders o f im portance indicates the 
magnitude o f effects based on the standardized beta coefficients, which is 
irrespective o f the direction o f the effects, tha t is, enhancement o r a ttenuation.
From the values o f zero-order, partial and part correlations as shown in the 
coefficients tables (Table 5-6, Table 5-9, Table 5-11 and Table 5-12), all the soil 
parameters in the MS2 and 0X174 removal models encountered d iffe ren t 
magnitudes o f suppression and m oderation. The only exception from  suppression 
was the  soil pH. Such prevalence o f suppression strongly indicate relationships 
among the soil parameters identified by the models, and are very likely to  also 
include soil parameters not identified as significant by the bacteriophage removal 
models.
The soil parameters exhibiting collinearity w ith in  the models were readily 
identifiab le from  the VIF values in the  coefficients tables. The pairs o f soil 
parameters tha t shared high proportions o f variances in the dimensions w ith  small
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eigenvalues are displayed in the co llinearity diagnostic tables (Table 5-7, Table 5-10, 
Appendix C-4 and Appendix C-5). The pairs are listed as the fo llow ing:
Am. Si -  Soil pH 
Am. Fe -  Soil pH 
Al -S o il pH 
Mg -  K 
Ca -  Soil pH 
Al -H +
Al -T O C  
F e -F T  
M ica -T O C
The logistic regression models (Figure 5-5, Figure 5-6, Table 5-4) o f overall 
bacteriophage removal showed d iffe ren t results from  the models produced from  
the non-transform ed data (Table 5-4). The only d ifference between these tw o  types 
o f model was tha t the bacteriophage removal ratios were recoded in the logistic 
regression models. However, this increased the predictive power o f the logistic 
models while reducing the num ber o f soil parameters identified as significantly 
affecting the  removal o f bacteriophage, as compared w ith  the bacteriophage 
removal models produced from  non-transform ed data. The significant soil 
parameters in the MS2 and 0X174 logistic regression models were sim ilar to  the 
significant soil parameters in the ir parallel models produced from  logio transform ed 
data. The only exception was w ith  H^ by the MS2 logistic regression. The directions 
o f beta coefficients o f significant parameters in the logistic and non-transform ed 
models were also similar.
According to  the subgroup models o f MS2 and 0X174 removal, when the removal 
o f both the bacteriophages was m inim al (refer the subgroup models o f above 
median o f bacteriophage removal ra tio  in Table 5-4), Al was the only soil param eter 
im portan t to  MS2 removal, whereas 0X174 removal was only dependent on Al and 
H .^ In the subgroup model o f higher 0X174 removal, mica was shown to  have an 
im portan t removal enhancing effect, and a beta coeffic ient value o f -0.572 was 
reported. Compared w ith  the overoll logio transform ed 0X174 removal model 
(based on all samples), in which sm ectite was assigned a beta coeffic ient o f -0.153, 
it seems tha t mica may be more im portan t than sm ectite in contribu ting  to  higher 
0X174 removal.
A t surface value, the three types o f overall bacteriophage removal models produced 
from  logic transform ed, non-transform ed, and binary recoded regression models
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produced irreconcilable sets o f soil param eter predictors. However, results from  the 
subgroup models o f bacteriophage removal based on the median o f bacteriophage 
removal ratios suggested tha t the in teraction among the soil param eters needed to, 
and could be, explored in o rder to  improve the explanation o f the overall 
bacteriophage removal models. This fu rthe r exploration w ill be presented in 
sections 5.5 and 5.6. On the o the r hand, the forw ard  stepwise m ethod selected in 
the linear regressions would e lim inate soil parameters tha t showed huge VIF to  
produce a final model w ith  the least VIF values. Such an example could be seen 
from  the 0X174 subgroup model (above median) in Table 5-12. Therefore, while the 
result o f the overall bacteriophage removal models could be explained be tte r by 
exploring the interactions among the  significant soil parameters, there would 
always be a certain degree o f 'statistical noise' due to  the nature o f the data, which 
may affect the  statistical calculation o f the models.
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Model Summary
step -2 Log 
likelihood
Cox & Snell R 
Square
Nagelkerke R 
Square
1 30.496® .370 .493
2 23.469^ .490 .654
3 14.997" .606 .808
c. Estimation terminated at iteration number 7 because 
parameter estimates changed by less than .001. 
Hosmer and Lemeshow Test
Step Chi-square Df Sig.
1 19.013 8 .015
2 6.229 8 .622
3 6.547 8 .586
Classification Table®
Observed Predicted
MS2 Removal Median Percentage
1.00000 2.00000 Correct
Step 3 MS2 Removal Median 1.00000 16 1 94.1
2.00000 2 14 87.5
Overall Percentage 90.9
a. The cut value is .500
Variables in the Equation
B S.E. Wald df Sig. Exp(B) 95% C.I.for EXP(B)
Lower Upper
Step 1® pH 1.366 .431 10.052 1 .002 3.921 1.685 9.125
Constant -7.691 2.444 9.906 1 .002 .000
Step t pH 1.996 .627 10.144 1 .001 7.361 2.155 25.144
3.340 1.556 4.611 1 .032 28.227 1.338 595.406
Constant -12.640 3.935 10.318 1 .001 .000
Step 3" pH 3.234 1.202 7.241 1 .007 25.393 2.408 267.811
4.959 2.410 4.234 1 .040 142.486 1.266 16041.412
Goethite -3.645 1.762 4.280 1 .039 .026 .001 .825
Constant -18.948 6.993 7.341 1 .007 .000
a. Variable(s) entered on step 1 : pH.
b. Variable(s) entered on step 2: H.
c. Variable(s) entered on step 3: Goethite.
Figure 5-5 Logistic regression results o f overall MS2 removal
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Model Summary
step -2 Log Cox & Snell R Nagelkerke R
likelihood Square Square
1 19.741® .545 .727
2 15.674^ .598 .797
b. Estimation terminated at iteration number 8 because 
parameter estimates changed by less than .001.
Hosmer and Lemeshow Test
Step Chi-square df Sig.
1 8.178 8 .416
2 5.306 8 .724
Classification Table
Observed Predicted
0X174 Removal Median Percentage
Correct1.00000 2.00000
1.00000 15 2 88.2
QX174 Removal Median
Step 1 2.00000 1 15 93.8
Overall Percentage 90.9
1.00000 16 1 94.1
QX174 Removal Median
Step 2 2.00000 1 15 93.8
Overall Percentage 93.9
a. The cut value is .500
Variables in the Equation
B S.E. Wald df Sig. Exp(B) 95% C.I.for EXP(B)
Lower Upper
Step 1® Al -.031 .011 7.808 1 .005 .969 .949 .991
Constant 2.288 .831 7.573 1 .006 9.851
Step 2^ Al -.045 .017 6.678 1 .010 .956 .924 .989
Am. Fe -.00024 .00013 3.359 1 .067 1.000 1.000 1.000
Constant 4.568 1.862 6.018 1 .014 96.320
a. Variable(s) entered on step 1 : Al.
b. Variable(s) entered on step 2: Am. Fe.
Figure 5-6 Logistic regression results o f overall 0X174 removal
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5.5 Results o f Partia l Correlations : Id en tify in g  Suppressors and  
M oderators o f Soil Properties that S ignificantly A ffected  
Bacteriophage Rem oval
The results o f non-param etric partial correlations are presented in Table 5-13 fo r 
MS2 removal and Table 5-14 fo r 0X174 removal. The tables include lists o f 
suppressors and m oderators fo r soil parameters significant to  the bacteriophage 
removal models. The identifica tion o f suppressors and m oderators was based on 
the criteria o f section 3.12.2. Briefly, partial corre lation analysis was perform ed to  
identify  soil parameters tha t when controlled for, would produce a difference o f 0.2 
between the values o f zero-order correlation and the partial corre lation o f another 
soil param eter w ith  the bacteriophage removal ratio. Three or fou r o f the most 
im portant suppressors and m oderators w ith  the greatest magnitude o f e ffect are 
summarized in Appendix C-7.
Ca was the most im portan t m oderator to  the soil properties significantly related to  
MS2 removal. It was a m oderator to  all the eight soil properties examined and 
presented in Table 5-13. For example, Ca increased the  effect o f MS2 removal 
enhancement caused by goethite, or by Al. However, Ca did not appear in both the 
logio transform ed and non-transform ed overall MS2 removal models. The most 
likely reason tha t Ca was not selected by both the models, was its m ultico llinearity  
(refer to  section 3.12.3 fo r in form ation  on m ultico llinearity). As could be seen from  
Appendix C-7, Ca was a m oderator fo r Mg, K, TOC, Am. Fe, Am. Si and goeth ite  in 
affecting MS2 removal. It was the  strongest m oderator fo r Mg, K, Am. Si and 
goeth ite  compared w ith  o the r soil parameters tha t acted as m oderator. In addition, 
based on zero-order correlations, Ca was also significantly correlated to  MPC, PSD, 
sand, silt, clay, soil pH, Na, Al, Fe, TN, TC, TIC, smectite, kaolinite, quartz, and calcite 
(Appendix C-6). Ca would  have been elim inated from  the models to  ensure 
m in im um  VIF values.
Mg and K had strong significant positive zero-order corre lation w ith  MS2 removal, 
reporting rva lues o f 0.504 and 0.572 respectively (Table 5-13). However, according 
to  the MS2 removal model produced from  non-transform ed data. Mg received a 
negative beta coeffic ient o f -0.964 but K had a positive beta coeffic ient o f 0.622 
(Table 5-4). Ca was found to  be the  m oderator tha t had caused this discrepancy 
(Table 5-13). A fte r the e ffect o f Ca was contro lled, the partial correlation between 
MS2 removal and K reported an r value o f -0.401, compared w ith  the previously 
positive zero-order corre lation r value o f 0.504. In o the r words. Mg would increase 
the removal o f MS2 if the effect o f Ca was removed, and th is agrees w ith  the result
98
o f MS2 removal model which indicated tha t Mg increased the removal o f MS2. In 
comparison, Ca did not cause such an effect on K in re lation to  MS2 removal, 
although Ca was still the most im portan t m oderator o f K (Table 5-13). This example 
also shows tha t Mg could play a dual e ffect on MS2 removal, tha t is, e ither 
enhancing or a ttenuating the  removal o f MS2, depending on the presence o f Ca. In 
contrast, K would always attenuate the removal o f MS2.
Besides the fou r way interactions o f MS2 removal-Ca-Mg-K, there  was also a three 
way in teraction o f MS2 removal-Mg-K. In th is set o f interactions. Mg was not a 
m oderator to  K in the a ttenuation o f MS2 removal caused by K, but K was a 
m oderator tha t increased the  a ttenuation o f MS2 removal by Mg (Table 5-13). In 
o ther words, when the effect o f Mg was contro lled, the difference between the 
zero-order correlation and partial corre lation o f MS2 removal and K was less than 
0.2, and hence not shown in Table 5-13, but a partial correlation o f 0.141 was 
produced between MS2 removal and Mg when the e ffect o f K was contro lled, down 
from  the zero-order corre lation o f 0.504. These results suggest tha t the attenuation 
o f MS2 removal caused by K is more 'stable' than Mg.
The results showed tha t Mg and K were linked to  MS2 removal through TOC. This is 
because Mg and K were needed so tha t TOC could attenuate the removal o f MS2 
(refer to  'm oderation of MS2 removal' in Appendix C-7). W ithou t the m oderation 
effect from  Mg and K, the corre lation o f MS2 removal w ith  TOC would drop from  
the zero-order r value o f 0.337 to  the partial corre lation r value o f 0.090 and 0.184 
respectively (Table 5-13). This indicates tha t Mg had a bigger e ffect than K on TOC, 
which subsequently influenced MS2 removal. This was supported by the larger zero 
order correlation between TOC and Mg (r = 0.539, p < 0.05) than between TOC and 
K (r = 0.342, p > 0.05)(Appendix C-6). A lthough the preceding tw o  paragraphs give 
an impression tha t Mg had a smaller e ffect on MS2 removal compared w ith  Ca and 
Mg, when another set o f interactions was examined, which involved MS2 removal- 
TOC-Mg-K, Mg emerged as a m ore im portan t soil p roperty than K.
In term s o f suppression, the effect o f K on MS2 removal was suppressed by mica; 
TOC by Al; Am. Si by Am. Al; by soil pH; Am. Fe by Mn, and goethite  by alb ite  and 
calcite (Table 5-13). Differences between the zero-order correlation and partial 
correlation o f MS2 removal and those suppressed soil properties were less than 0.2. 
This is in contrast to  the bigger magnitude o f suppression reported by some o f 
those soil properties as seen previously in the  regression models (Table 5-6 and 
Table 5-9). Nevertheless, the suppressors o f those significant predictors in the 
models have been identified through the independent partial correlation analysis 
presented in this section.
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HPC was a significant soil param eter tha t enhanced 0X174 removal in the non- 
transform ed overall 0X174 removal model, but it did not appear in the overall logio 
transform ed model (Table 5-4). The partial corre lation analysis indicated tha t HPC 
could not only enhance the removal o f 0X174, but also attenuate the removal o f 
0X174, depending on the e ffect it received from  o the r soil properties. HPC lost its 
enhancing effect on 0X174 removal in the presence o f Ca and Al, and instead 
caused attenuation o f 0X174 removal. This was shown by the positive zero-order 
correlations between HPC and 0X174 removal when the  effect o f Ca or Al was not 
contro lled (Table 5-14). In contrast, the a ttenuation effect on 0X174 removal by 
HPC was suppressed by Mn, H"^  and Am. Fe (Table 5-14).
Ca was also found to  be an im portan t m oderator fo r o ther soil properties tha t were 
significantly related to  0X174 removal. This pattern was sim ilar in MS2 removal. In 
particular, when the  effect o f Ca was controlled, sm ectite reported ly enhanced the 
removal o f 0X174, in contrast to  a positive zero-order corre lation o f 0.299 tha t 
indicates a ttenuation o f 0X174 removal (Table 5-14). Meanwhile, exam ination on 
the  attenuation effect o f 0X174 removal shown by Ca revealed tha t the effect was 
suppressed by Am. Al and Am. Fe. Interestingly, Ca was not moderated by any o ther 
soil properties in its a ttenuation effect on 0X174 removal tha t reported a zero- 
o rder correlation r value o f 0.761 (Table 5-14).
The effect o f TOC on 0X174 removal was suppressed by the  acidic cations o f Al, Fe 
and Mn (Table 5-14). The m oderator o f TOC was all the o the r three fractions o f 
organic m atter, which were the  TN, TC and TIC. These three soil properties actually 
caused TOC to  deliver an a ttenuation e ffect on 0X174 removal, w ith o u t which TOC 
w ould actually enhance the removal o f 0X174. In particular, w ith o u t the  effect from  
TN, TOC showed an enhancement effect on 0X174 removal, reporting a partial 
corre la tion o f -0.288 (Table 5-14). This would suggest tha t d iffe ren t fraction o f 
organic m atter may affect the removal o f 0X174 d iffe rently .
H^ and TOC shared the same suppressors, which were the  Al and Fe. Therefore 
when Al was selected in a model, H^ and TOC m ight not be selected. This was seen 
in the overall logio transform ed 0X174 removal model, which selected Al and TOC, 
assigned Al w ith  beta coeffic ient value higher than TOC, w hile  H^ was not selected. 
Similar trend o f selection was seen in the subgroup 0X174 removal models based 
on the median o f bacteriophage removal ra tio  (Table 5-4), whereby e ither H  ^or TOC 
was selected alongside Al. The zero-order corre lation between H^ and TOC was 
significant at r = 0.540 (Appendix C-6).
1 0 0
Table 5-13 Partial Correlations of MS2 removal : Suppressors and Moderators
Controlled
Soil
Parameter
Partial Correlation coefficient 
between MS2 removal and selected soil parameters
Al H^ K Mg TOC Am. Fe Am. Si G oethite
HPC -0.021 -0.325
Soil pH 0.374 0.240 0.102 0.059
PSD 0.606
Sand 0.558
Silt
Clay 0.352 0.584
K 0.141 0.184 -0.086
Na -0.860 0.114
Ca -0.650 0.087 0.150 -0.401 -0.050 -0.061 -0.133 -0.431
Mg 0.121 0.090 -0.307
Al 0.181 0.145 0.446 0.028 -0.294
Fe 0.472
Mn 0.065 0.577 0.527 0.358 0.378 0.562
H^ -0.855 0.590 0.302 0.589
TN -0.847 -0.071 -0.460 -0.231
TC -0.863 -0.063 -0.157
TOC -0.869 -0.024
TIC -0.076 0.183 -0.017 -0.078
Am. Al -0.857 0.161 0.608 0.554 0.366 0.634
Am. Fe 0.277 0.562
Am. Si 0.179 -0.271
Smectite 0.173 -0.067
Verm iculite 0.087 0.577 0.528 0.335 0.624
Smec-Verm 0.188 0.520 0.355 0.560
Mica -0.860 0.623
Kaolinite -0.858 0.509
Quartz 0.173
Goethite -0.866 0.187 0.564 0.364 0.570
M icrocline 0.354
A lb ite 0.366 0.552
Calcite 0.039 0.286 0.485
Spearman's
rho zero 
order
-0.854 0.163 0.572 0.504 0.337 0.252 0.555 -0.092
correlation
Note: M oderators tha t did not cause a value difference 
and partial corre lation were not shown (refer section 3. 
Top suppressors - fon t in orange
Top moderators - fo n t  in blue
o f 0.2 between zero-order 
12.2 fo r fu rthe r in form ation)
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Table 5-14 Partial Correlations of 0X174 removal ; Suppressors and Moderators
Controlled
Soil
Partial Correlation coefficient 
between 0X174 removal and selected soil parameters
Parameter Al Smectite H+ HPC TOC Ca
HPC 0.052 0.497
Soil pH -0.043 0.649 -0.010
PSD 0.419 0.846
Sand 0.417 0.839
Silt 0.403 0.838
Clay 0.453 0.398 0.797
K -0.114 0.472
Na -0.875 0.808
Ca -0.667 -0.333 0.409 -0.385 0.003
Mg
Al
-0.072
0.050 0.600
0.161
-0.239
0.129
0.563
Fe 0.629 0.555
Mn 0.409 0.562 0.451 0.814
H^ -0.906 0.316 0.568 0.789
TN 0.086 0.190 -0.288
TC -0.898 0.154 -0.284
TOC -0.898
TIC -0.186 0.190 0.072 -0.134
Am. Al -0.872 0.341 0.498 0.424 0.842
Am. Fe -0.879 0.373 0.385 0.523 0.827
Am. Si -0.110 0.510 0.113
Smectite 0.377 0.785
Verm iculite 0.782
Smec-Verm -0.874 0.779
Mica 0.368 0.382 0.491 0.385 0.805
Kaolinite 0.385 0.385 0.484 0.823
Quartz 0.087 0.384 0.764
Goethite 0.300 (1367 0.488 0.386 0.797
M icrocline 0.421 0.396 0.773
A lb ite -0.879 0.313 0.470 0.784
Calcite
Spearman's
rho zero 
order
-0.871 0.299 0.364 0.469 0.384 0.761
correlation
Note: M oderators tha t did not cause a value difference 
and partial corre lation were not shown (refer section 3. 
Top Suppressors - fo n t in orange
Top M oderators - fo n t  in blue
o f 0.2 between zero-order 
12.2 fo r fu rthe r in form ation)
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5.6 Results o f Subgroup L inear Regression M odels Based O n  
M edians o f Selected Soil Properties
The median values o f 20 soil parameters (a to ta l o f 35 soil properties were 
examined in this study) were used separately to  divide the 33 samples in to  tw o  
respective subgroups (refer to  Figure 3-9, 'Comparing means o f subgroups'). The 
means o f bacteriophage removal ratios o f those subgroups were shown in Table 
5-15. The median o f Ca, Al, Am. Si, TN and lEP produced subgroups w ith  the best 
contrast o f bacteriophage removal mean values. Subgroup bacteriophage removal 
models produced based on the median o f these five soil parameters were 
summarized in Table 5-16. The SPSS ou tpu t coeffic ient tables o f the subgroup 
models are shown from  Table 5-17 to  Table 5-26. The SPSS model summary tables 
and residual plots o f these five pairs o f subgroups are presented from  Appendix C-8 
to  Appendix C-17. Additionally, subgroup models based on the medians o f Clay, TC, 
TOC, TIC, Am. Al and Am. Fe were also assessed and the beta coefficients o f those 
models summarized in Appendix C-18. The beta coefficients tables, models 
summary tables and residual plots o f theses six pairs o f subgroup models are 
presented in Appendix C-19 to  Appendix C-30.
The median o f Al and Ca were the tw o  best indices tha t divided the 33 soil samples 
in to  subgroups tha t produced the greatest contrast o f bacteriophage removal 
means (Table 5-15). Higher Al caused high MS2 and 0X174 removal, but higher Ca 
caused low removal fo r both the bacteriophages. Such an antagonist e ffect on 
removal o f the bacteriophage was also supported by the observation tha t Al and Ca 
showed the strongest negative zero-order corre lation (r = -0.787, p < 0.05) among 
the soil properties (Appendix C-6, not considering the correlations among the 
percentages o f clay, silt and sand). Meanwhile, Ca was significantly correlated to  TIC 
and calcite at r = 0.829 and 0.489 respectively (Appendix C-6). As calcite is CaCOg 
and TIC is the measure o f inorganic carbon from  carbonates, it is very likely tha t the 
tr io  may have been treated interchangeably in the models. Hence in the subgroup 
model o f MS2 removal based on higher Al concentration (subgroup o f above 
median o f Al), calcite was found to  attenuate MS2 removal (beta coeffic ient o f 
0.375), playing the  role tha t Ca would have played if Ca was included in the model 
(Table 5-16). Similarly, TIC also attenuated 0X174 removal in the same subgroup, 
w ith  a beta coeffic ient value o f 0.526.
103
Table 5-15 Means o f bacteriophage removal in subgroups based on medians o f 
selected soil properties
Mean of Bacteriophage Removal in Subgroups
MS2 0X174
Soil parameter
> median 
(n = 16)
< median 
(n = 17)
> median 
(n = 16)
< median 
(n = 17)
HRC -0.978 -2.420 -1.287 -2.423
Sand -2.054 -1.277 -2.095 -1.565
Silt -1.212 -2.171 -1.478 -2.220
Clay -1.422 -1.948 -1.612 -2.079
K -0.898 -2.411 -1.280 -2.363
Ca -0.585 -2.838 -1.048 -2.677
Mg -0.989 -2.325 -1.273 -2.370
Al -2.827 -0.456 -2.748 -0.871
Fe -2.347 -0.965 -2.445 -1.193
Mn -2.175 -1.209 -2.466 -1.247
H^ -1.239 -2.090 -1.370 -2.279
Am. Al -1.856 -1.509 -2.027 -1.660
Am. Fe -1.403 -1.935 -1.801 -1.873
Am. Si -0.766 -2.535 -1.090 -2.543
TN -0.956 -2.356 -1.364 -2.284
TC -1.139 -2.249 -1.418 -2.284
TOC -1.078 -2.242 -1.376 -2.273
TIC -0.648 -2.646 -0.985 -2.640
Quartz -2.229 -1.217 -2.203 -1.534
One unit pH 
away o f 1ER
One unit pH 
near o f 1ER
One unit pH 
away o f 1ER
One unit pH 
near o f 1ER
1ER -0.977 -2.754 -2.677 -1.048
Note : Mean value o f -1 corresponds to  1 log reduction, and so on.
MS2 and 0X174 showed contrasting removal behaviour at one unit pH near and 
away from  the ir respective isoelectric point (Table 5-15). M ore MS2 was removed at 
pH near its 1ER (nearly 3 log) and less was removed away from  its 1ER (about 1 log). 
The opposite was observed fo r 0X174, whereby nearly 3 log o f 0X174 was removed 
at pH away from  its 1ER, but only 1 log was removed at pH near its 1ER (Table 5-16).
H^ was an attenuating param eter to  both MS2 and 0X174 when the soil pH was 
near to  the ir respective 1ER (Table 5-16 , Table 5-17 and Table 5-18). The effect o f H  ^
on the removal o f MS2 was more prom inent than 0X174 removal. This was shown
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by the higher beta coefficient value than received in the near to  MS2 1ER 
subgroup model as compared w ith  the counterpart in the 0X174 removal subgroup 
(Table 5-16).
The im portance o f in affecting MS2 removal was picked up in the logistic 
regression model o f MS2 removal, but not by the counterparts o f the overall MS2 
removal model produced from  logio transform ed and non-transform ed data (Table 
5-4). Examination o f the subgroup models revealed tha t emerged as very strong 
predictor fo r MS2 removal in tw o  subgroup models, w ith  high corre lation 
coefficients tha t were not suppressed. The tw o  subgroup models were the 
subgroup model o f one unit pH near to  the 1ER of MS2 (2.9 < pH < 4.9) and the 
subgroup model o f below Ca concentration median (Table 5-17 and Table 5-19). The 
biggest m oderator fo r H^ in affecting MS2 removal was the soil pH, and the 
im portan t suppressors were TIC and Ca (Appendix C-7). Hence, in addition to  the 
previously m entioned observation tha t H^ became im portant to  MS2 removal when 
the soil pH approaches the pH o f the 1ER o f MS2, it was also shown tha t H^ was 
im portan t to  MS2 removal when the concentration o f Ca was low. The relationship 
between H^and soil pH is fu rthe r discussed in section 7.16.
The MS2 subgroup removal models based on 1ER revealed stable soil predictors tha t 
had m inim um  collinearity and no suppression, based on the values o f zero-order, 
partial and part correlations and the  VIF statistics (Table 5-17). The predictors 
selected were d iffe ren t between tha t tw o  subgroup removal models. This may 
suggest d istinctly d iffe ren t removal mechanisms fo r MS2 when the soil pH is near or 
away from  its 1ER. In contrast, the predictors significant related to  0X174 removal 
based on its 1ER subgroups showed suppression (Table 5-18). Hence the 
mechanisms o f 0X174 removal near and away from  its 1ER are likely to  be also 
ind irectly affected by o ther soil properties. The possible ones could be Fe, K, clay 
percentage and mica (refer to  subgroup models based on TIC% median in Appendix 
C-18). These soil properties were linked to  the 0X174 removal through TIC (Table 
5-18), which was one o f the significant but suppressed soil parameters in the 
subgroup o f 0X174 removal at one unit pH away from  the 1ER, showing partial 
corre lation beta coeffic ient o f 0.773 in contrast to  the zero-order beta coeffic ient o f 
0.300.
Am. Si was another im portant soil param eter beside Ca tha t was shown to  
a ttenuate both the  removal o f MS2 and 0X174, whereby 2.5 logio o f removals were 
observed in the  subgroups of lower Am. Si concentration (Table 5-16). Compared 
w ith  the subgroup models based on the median o f Al concentration, the subgroup 
models based on Am. Si had Mg, mica and verm icu lite  as distinct removal 
enhancement param eter, while sharing TOC and calcite as the sim ilar a ttenuation
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facto r (Table 5-16). The zero-order correlation between Am. Si and Al was -0.637 
(Appendix C-6).
When the percentages o f TN and TC were below the medians, nearly 2.2 log 
removal was reported fo r both MS2 and 0X174. This is in contrast to  the about one 
log removal reported fo r cases w ith  the percentages o f TN and TC above the 
medians (Table 5-16 and Appendix C-18). Hence organic m atter was shown to  be 
attenuating the removal o f both MS2 and 0X174. Among the fou r fractions o f 
organic m atter namely TN, TC, TOC and TIC, TOC most frequently  appeared as a 
significant soil p roperty related to  removal o f the  tw o  types o f bacteriophages 
(Table 5-16, Table 5-4 and Appendix C-18), although the median o f TN percentage 
was able to  produce tw o  subgroups w ith  slightly greater contrast o f bacteriophage 
removal means than TOC (Table 5-15). In the  subgroup o f high MS2 removal (< 
median logio removal), TOC was a significant a ttenuating param eter fo r both MS2 
and 0X174 removal (Table 5-4). However, the im portance o f TOC was d iluted in the 
logic transform ed overall MS2 removal model, receiving a smaller beta coefficient, 
and even becoming absent in the overall 0X174 removal models (Table 5-4).
A lthough the soil subgroups w ith  higher TN and TC percentages showed lower 
removal fo r both MS2 and 0X174, goethite  was still able to  enhance the removal o f 
MS2 (beta coeffic ient o f -0.370), whereas Mn im proved the removal fo r 0X174, 
reporting a beta coeffic ient value o f -0.422 (Table 5-16). It is very likely tha t removal 
enhancing e ffect o f goeth ite  and Mn on MS2 and 0X174 respectively, are 
independent from  the am ount o f organic m atter. M eanwhile, reference to  the 
subgroups w ith  low er TN and TC percentages showed tha t when organic m atter was 
low, the removal o f both MS2 and 0X174 were dependent on crystalline soil 
minerals. For 0X174, the magnitude o f enhancement o f removal fo llow ed the order 
o f kaolinite > verm icu lite  > alb ite (Table 5-16 and Appendix C-18). For MS2, the 
m agnitude of enhancement by goeth ite  was equivalent to  sm ectite-verm iculite , 
corresponding to  beta coefficients o f -0.120 and -0.122 respectively (Table 5-16 and 
Appendix C-18).
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5.7 MS2 and 0X 174  Inactivation R egression  M odels
The models o f the MS2 and 0X174 inactivation based on logio transform ed data o f 
all 33 soil samples are presented here. This particular type o f inactivation was 
caused by the dissolved a ttribu tes from  soils and groundw ater d iluent {CS/Cq), as 
denoted by F in Figure 3-3, which is a fraction o f the m easurement o f bacteriophage 
removal. The coeffic ient tables o f the inactivation models are shown in Table 5-28. 
M eanwhile, the list o f suppressors and m oderators fo r Am. Si on the inactivation of 
MS2 and 0X174 are summarized in Table 5-27.
Inactivation o f MS2 (Fca)
= -1.092 + 0.487 (Ca) -  0.284 (Am. Si) ; o f model = 0.775 
Inactivation o f 0X174 (F ca)
= -0.271 + 0.285 (Ca) -  0.341 (Am. Si) ; o f model = 0.345
The inactivation models o f MS2 and 0X174 revealed only tw o  and sim ilar soil 
predictors, which were the  Ca and Am. Si. The Revalue o f the  MS2 inactivation 
model was higher than the 0X174 inactivation model at 0.775. Soil pH and Ca were 
the m oderators tha t had enhanced the inactivation o f MS2 by Am. Si, but they 
functioned as suppressors tha t attenuated the inactivation o f 0X174 by Am. Si. The 
assumptions o f linear regression models were m et by both the inactivation models 
as shown by the random ly d istributed residuals in Figure 5-7.
Table 5-27 Partial Correlation coefficients between amorphous Si and 
bacteriophage inactivation
Controlled 
Soil Parameter
Partial Correlation coefficient between 
bacteriophage inactivation and amorphous Si
MS2 0X174
MFC 0.169
Soil pH 0.143 -0.372
Ca -0.164 -0.432
H+ 0.629
Verm iculite 0.653
Mica 0.628
Spearman's rho
zero order 0.623 0.084
correlation
Note: Suppressors - fon t in orange 
M oderators - fon t in blue
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CHAPTER SIX
MS2 AND 0X174 REMOVAL BY INDIVIDUAL AND 
MIXTURES OF COMMERCIAL SOILS
6 Introduction
The results o f the  regression analysis o f natural soils showed tha t Al, soil pH, H* and 
amorphous clay minerals were among the  im portan t soil properties tha t affect the 
removal o f MS2 and 0X174. This chapter sets ou t to  verify the regression analysis 
results by fu rthe r examining the relationship between Al, soil pH and amorphous 
clay minerals and how this affects the removal o f MS2 and 0X174.
6.1 M ateria ls  and M ethods
Three soils were used fo r these experim ents : m on tm orillon ite  KSF (Sigma-Aldrich 
281530), m ontm orillon ie  KIO (Sigma-Aldrich 281522) and nepheline syenite, in 
pow der form , ground from  natural rock. KSF and KIO were acidified 
m on tm orillon ite  clay minerals. They were not pure m ontm orillon ite , but contained 
high am ount o f amorphous content. Nepheline syenite (nep.sye) was kindly 
provided by Dr Marcus M atthew s o f the University o f Surrey. It was used as a non­
clay m ineral comparison. The properties o f these three soils were also tested 
according to  methods in section 3.6 to  3.11, mean particle size (PSD), percentages 
o f sand, silt and clay, eight types o f extractable cations, including free by barium 
chloride method, acidity, cationic exchange capacity (CEC), organic m atter in term s 
o f TN, TC, TOC and TIC, amorphous Al, Fe and Si by am m onium  oxalate acid 
extraction method, and percentages o f crystalline soil m inerals as determ ined by 
soil bulk XRD. In addition, the surface areas o f the three soils were also tested w ith  
the Gemini surface area analyser, based on the adsorption o f nitrogen gas on the 
soil surface.
Two sets o f batch experim ents were conducted based on the steps in Figure 3-3. 
The firs t was to  compare the a ttachm ent (SN/CA) and inactivation (CA/Cq) o f MS2 
and 0X174 by 3.0 g each o f KSF, KIO and nep.sye, and the m ixtures o f KSF -  nep.sye 
and KIO -  nep.sye (refer Figure 3-4 fo r fu rthe r in form ation  on attachm ent and 
inactivation). The mixtures contained 1.5 g o f each soil. The inactivation o f MS2 and
121
0X174 by the dissolved a ttribu tes o f KSF and KIO were also assessed. The second 
batch experim ent examined the removal o f MS2 and 0X174 when the acidic KSF 
and KIO soils were buffered to  neutral pH using IM  Tris-base. The t itre  o f MS2 used 
fo r the experim ents was between 2.7 x 10^ to  4.0 x 10^ p fu /m l and 1.8 x 10^ to  4.5 x 
10^ p fu /m l fo r 0X174. W here applicable, the reductions o f bacteriophage titres 
were presented in ratios o f removal w ith o u t accounting fo r the inactivation by 
dissolved soil a ttribu tes (SN/CS), a ttachm ent (SN/CA), to ta l inactivation (CA/Co), and 
inactivation by dissolved soil a ttribu tes (CS/Cq) (refer section 3.4). Complete 
attachm ent o f bacteriophages was shown by non-detection o f bacteriophages in 
the  supernatant, whereas com plete inactivation was shown by non-detection o f 
bacteriophages in both the supernatant and the resuspended soil pellets, or in 
conditioned supernatant.
6.2 Results o f Soil Properties : KSF, KIO and N ep h e lin e  Syenite
The soil properties o f KSF, KIO and nep.sye soils are presented in Table 6-1. KIO had 
much higher surface area (BET test) than KSF. Compared w ith  the natural soils o f 
this study (Table 5-2), KSF had a very high concentration o f all the eight types of 
extractable cations. Am. Al and Am. Fe. In comparison, the soil properties o f KIO fell 
in the ranges o f the natural soils o f this study. Nep.sye had a few  distinguished 
features. There was no exchangeable Al and Fe, but an extrem ely high am ount o f 
Am. Al and Am. Si. It had the  highest percentage o f clay size particles and Na 
content, and the smallest mean particle size among all the soil samples in this study 
(Table 6-1, Table 5-2). The bulk soil XRD result confirm ed the absence o f any form  of 
clay m inerals in nep.sye, supporting its use as a non-clay m ineral soil material.
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6.3 Inactivation  and A ttachm ent o f M S2 and 0 X 1 7 4  By N ep he lin e  
Syenite Soil M ixtures
The attachm ent and inactivation o f MS2 and 0X174 w ith  individual KSF, KIO, and 
the mixtures o f the tw o  soils w ith  nep.sye are shown in Figure 6-1 and Figure 6-2 
respectively, in logio scales o f the ratios o f the a ttachm ent (SN/CA) and to ta l 
inactivation (CA/Cq).
The to ta l inactivation o f MS2 and 0X174 w ith  3.0 g o f KSF was 3 logiQ and more 
than 5.6 logiQ reduction respectively. Complete and instant inactivation o f 0X174 
occurred w ith  KSF, no bacteriophage being found in the supernatant or the re­
suspended soil pellet from  the 5^  ^ m inute onwards. As the com plete inactivation 
happened so quickly, it was not known w hether a ttachm ent o f 0X174 to  KSF 
happened before the inactivation took place. In contrast, MS2 was com pletely 
attached only from  the 75^ m inute onwards, but still not com plete ly inactivated at 
the 185^^ m inute (Figure 6-1). The pattern o f MS2 a ttachm ent to  KSF showed tha t 
a fte r a ttachm ent was com pleted, there could be a lag tim e  before all the attached 
bacteriophages became inactivated. This is consistent w ith  the defin ition  o f 
reversibly attached bacteriophage in section 3.4, which states tha t this portion o f 
bacteriophage (represented by D in Figure 3-3) remains infectious even when still 
attached to  soil particles. Furtherm ore, it also confirm ed the occurrence o f 
bacteriophage inactivation a fter being reversibly attached to  soil particles, which is 
the fraction o f bacteriophage represented by E in Figure 3-3.
The addition o f nep.sye to  KSF resulted in great contrasts to  the patterns o f 
attachm ent and inactivation o f MS2 and 0X174 w ith  KSF soil alone. W ith  the 
m ixture o f KSF -  nep.sye, all MS2 attached instantly, and com plete inactivation 
occurred from  the 120^' m inute onwards (Figure 6-1). In contrast, the addition o f 
nep.sye to  KSF prevented the instant com plete inactivation o f 0X174 as observed 
previously w ith  KSF alone. Furtherm ore, the  inactivation was incom plete at the end 
o f the experim ent. Nevertheless, instant a ttachm ent o f 0X174 occurred in the KSF -  
nep.sye m ixture. Meanwhile, it was noted tha t when nep.sye was added to  KSF soil, 
a layer o f yellowish suspension form ed in the m ixture.
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Figure 6-1 KSF - Nepheline syenite : MS2 and 0X174 inactivation & attachm ent
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Nep.sye on its own did not attach or inactivate MS2 and 0X174. Both 
bacteriophages were recovered in the supernatants, No Spin controls, and re­
suspended soil pellets (results not shown). Based on a Kruskal-Wallis test, the 
fluctuations o f MS2 and 0X174 titres in the No Spin controls over tim e were not 
significant (p > 0.05). In o the r words, the  titres  o f MS2 and 0X174 stayed the same 
in the presence o f nep.sye th roughout the experiments. This result indicated tha t 
particle size is irre levant to  virus a ttachm ent and inactivation, as nep.sye had the 
smallest particle size in this study. M eanwhile, as nep.sye also contained the highest 
Na among the soils o f this study, this result also supported the finding from  the 
regression analysis o f the natural soils tha t Na did not affect the removal o f MS2 
and 0X174.
The attachm ent and inactivation o f MS2 and 0X174 by KIO was less than by KSF, 
and incom plete at the end o f the  experim ents (Figure 6-2). The to ta l inactivation o f 
MS2 and 0X174 w ith  3.0 g o f KIO was only 1.2 logio and 0.8 logio respectively. The 
m ixture o f KIO -  nep.sye slightly a ttenuated the attachm ent and inactivation of 
MS2 and 0X174 (Figure 6-2).
6.4 Bacteriophage Inactivation  by D issolved Attributes F rom  Soil 
As Tested in  C onditioned Supernatant
Given the results o f MS2 and 0X174 inactivation w ith  individual KSF and KIO as 
seen in section 6 .2, it was essential to  know how im portan t was the fraction o f 
bacteriophage inactivation tha t occurred w ith o u t the presence o f soil, which was 
denoted by F in Figure 3-3, as compared w ith  the o the r fractions of bacteriophage 
inactivation tha t happened in the presence o f soil particles, designated by A, B and 
E in Figure 3-3. Therefore, this section presents the bacteriophage inactivation 
caused by conditioned supernatant, in which the  soil particles had been removed, 
hence leaving only the  dissolved soil a ttribu tes from  the soils tha t characterize the F 
inactivation. The conditioned supernatant o f KSF and KIO were prepared as 
described in section 3.3, but 1.5 g o f soils was used w ith  9 ml o f AGW.
The logio ratios o f MS2 and 0X174 inactivation by dissolved soil a ttributes (C S /C q )  
are shown in Figure 6-3. The conditioned supernatant o f KSF caused 1.75 logic 
reduction o f MS2, and 5.2 logic reduction o f 0X174. The conditioned supernatant o f 
KIO produced only 1.03 logic reduction o f MS2 and 0.53 logic reduction o f 0X174. 
These inactivation capacities were very sim ilar to  the to ta l inactivation o f MS2 and 
0X174 produced by KSF and KIO (section 6.2). Therefore, it could be concluded tha t
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the  inactivation by dissolved soil a ttribu tes played an im portan t part in the  to ta l 
inactivation observed fo r MS2 and 0X174 by KSF and KIO.
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Figure 6-3 Conditioned Supernatant : Logio ratios o f MS2 and 0X174 inactivation 
by dissolved a ttribu tes from  KSF, and KIO (CS/Cq)
As w ith  KSF soil, com plete inactivation o f 0X174 in the conditioned supernatant o f 
KSF was reported a fte r the 35^ m inute. In comparison to  Figure 6-1, it seems tha t 
the presence o f KSF soil accelerated the inactivation (complete inactivation was 
achieved at the  5^  ^ m inute). Nevertheless, com plete inactivation o f 0X174 was 
possible w ith  jus t the dissolved attribu tes from  the KSF soil (Figure 6-3).
6.5 R em oval o f Bacteriophages by N eu tra lize d  Soils
M ontm orillon ite  KSF and KIO were acidified clay minerals. There was im m ediate 
concern as to  how the soil pH affected the outcom e o f a ttachm ent and inactivation 
o f MS2 and 0X174 in the tw o  soils and the ir conditioned supernatants. Therefore
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th is section presents the results o f bacteriophage removal when 1.5 g o f KSF and 
KIO soils were neutralized to  pH 7 ± 0.2.
To produce 1.5 g o f neutralized KSF soil, 3.5 ml o f IM  Tris-base at room 
tem pera ture  was added, fo llow ed by 4.5 ml o f groundw ater d iluent. For 1.5 g o f 
KIO, 300 pi o f IM  Tris-base was added to  7.7 ml o f groundw ater d iluent. The 
conditioned supernatant o f KSF and KIO were also neutralized accordingly using 
Tris-base. The logio ratios o f MS2 and 0X174 removal (SN/CS) are presented in 
Figure 6-4, which refers to  the bacteriophage reduction resulting from  removal tha t 
included attachm ent (D) plus the inactivation caused by irreversible a ttachm ent (A + 
B) and reversible attachm ent (E) (Figure 3-4).
A fte r being buffered to  pH 7, KSF soil lost its ab ility  to  remove 0X174, only 0.33 
logic o f reduction was achieved. The ability  to  remove MS2 was also reduced, 
reporting only a 1.61 logic o f reduction (Figure 6-4). In contrast, w ith  buffered KIO, 
more MS2 was found at the end o f the experim ent, shown by a one logic increase in 
the value o f SN/CS ratio. The buffering o f KSF soil also produced brown precipitates, 
which was sim ilar to  the addition o f nep.sye.
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Figure 6-4 Removal o f MS2 and 0X174 by buffered soils w ith o u t accounting fo r the 
inactivation caused by dissolved soil a ttributes
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6.6 Physical Changes o f Buffered KSF A fter the A dd itio n  o f 
N ephehne Syenite
It is very likely tha t the loss o f the ability  o f KSF to  inactivate 0X174 a fte r being 
buffered or added w ith  nep.sye was due to  chemical changes w ith in  the  soil m ixture 
in relation to  soil pH. It is assumed tha t most o f the  dissolved soil a ttribu tes would 
be available in the conditioned supernatant o f the soils. Therefore the cation 
concentrations (K, Na, Ca, Mg, Al, Fe, Mn) in the conditioned supernatant o f KSF 
before and during the buffering process, and a fte r mixing w ith  nep.sye, were 
analysed. This was to  examine how the concentration o f the dissolved soil 
a ttribu tes (cations) had changed during the processes.
The pH and conductiv ity o f the conditioned supernatant o f the individual soils and 
the soil m ixtures w ith  nep.sye are presented in Table 6-2. The visual changes in the 
KSF supernatant along the buffering points o f pH 3.0, 3.5 and 4.0 are illustrated in 
Figure 6-5. The cations tha t remained in the conditioned supernatant a fte r the 
precipitates were elim inated (through centrifugation and filtra tio n  w ith  0.45 pm 
membrane) are shown in Table 6-3. The most drastic decrease o f concentrations in 
KSF conditioned supernatant before and a fte r buffering to  pH 4, was reported by 
Fe, fo llowed by Al. Therefore it is very likely tha t the brown precipitate form ed 
when the pH o f KSF conditioned supernatant by nep.sye or Tris-base, was indeed 
Fe. Hence, Fe could be a key facto r o f the instant com plete inactivation o f 0X174 by 
KSF.
Table 6-2 Conditioned supernatant : pH and conductiv ity o f the individual soils and 
the  m ixtures w ith  nepheline syenite
Soil sample pH
Conductivity
(mS/cm)
KSF 2.0 18.25
KIO 3.2 0.93
Nepheline 6.7 0.79
KSF -  nep.sye 3.7 16.63
KIO -  nep.sye 6.0 1.03
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Figure 6-5 KSF conditioned supernatants 
Far le ft : Before buffering, pH 1.9
Second from  le ft : Buffered to  pH 3, colloidal debris remained murky a fte r 
centrifugation at 3000 ref fo r 20 m inutes and filtra tio n  w ith  0.45 pm membrane. 
M iddle : buffered to  pH 3.5, brownish precipitates started to  form .
Second from  right : buffered to  pH 4, more brownish precipitates were form ed 
while the suspension gradually became clearer
Far right : Formation o f brownish precipitates im m ediately a fte r the addition o f Tris- 
base, before shaking by hand.
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Table 6-3 Concentration o f cations (mg/kg) in conditioned supernatants o f KSF, 
KIO and nep.sye a fte r filtra tion
Conditioned
S upernatant*
K Na Ca Mg Al Fe Mn
KSF pH 1.9 260 60 131 80 3883 3625 44
KSF pH 3.0 221 63 124 74 3430 2176 39
KSF pH 3.5 221 59 116 61 3281 903 39
KSF pH 4.0 187 60 121 63 2552 624 34
KIO 11 60 125 48 4.7 0.13 0.17
Nep.Sye 61 60 109 43 1.2 0.009 < 0.001
KSF - Nep.Sye 810 66 119 55 2655 463 33
* All conditioned supernatants were based on the ratio  o f one part o f soil to  three 
parts o f g roundw ater diluent. Hence there  was only 1.5 g o f KSF in the KSF -  nep.sye 
m ixture.
6.7 Relationships o f A lu m in iu m , Soil p H , Iro n , Am orphous Clay  
M inera ls  and Bacteriophage Rem oval
Based on the logio transform ed removal model fo r MS2 (Table 5-4), Al and Am. Si 
were tw o  o f the  most im portan t soil properties tha t enhanced MS2 removal. Am. Si, 
however, received a positive beta coeffic ient in the MS2 removal regression model 
based on non-transform ed data, which meant tha t it a ttenuated the removal o f 
MS2 (Table 5-4). From the results o f verifica tion experim ents presented in this 
chapter, it could be concluded tha t Am. Si actually increases the  removal o f MS2. 
However, this is dependent on the concentration o f Ca and the soil pH, as shown by 
the partial correlations analysis o f MS2 removal (Table 5-13). Comparison among 
the non-buffered and buffered conditioned supernatants o f KSF, and the 
conditioned supernatant o f nep.sye, provided just the right conditions to  reveal the 
effect o f the in teraction among Am. Si, Ca and soil pH on MS2 removal. Although 
the KSF soil had very high Ca concentration o f 6981 mg/kg (Table 6-1), the 
concentration o f Ca in the non-buffered conditioned supernatant o f KSF was only 
131 mg/kg. In o ther words, the im m ediately available Ca concentration from  KSF 
under conditions o f the batch experim ents o f this study, was low. This means tha t 
the most im portan t m oderator o f Am. Si on MS2 removal was not present in the 
conditioned supernatant o f KSF. Similarly, the concentration o f Ca in the 
conditioned supernatant o f nep.sye and KSF-nep.sye were also low  (Table 6-3). The 
fact tha t MS2 removal did not occur in the nep.sye soil, but did occur in the soil 
m ixture o f KSF-nep.sye, suggests tha t low soil pH could enhance the removal o f 
MS2 by Am. Si. This observation is in line w ith  the  MS2 removal model result, which
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indicates tha t lower pH enhances MS2 removal, since soil pH received a positive 
beta coeffic ient in the  model.
Combining the results as shown in Figure 6-1 w ith  the results from  soil property 
tests and cation concentrations in the conditioned supernatants, it could be 
suggested tha t MS2 attachs to  amorphous clay minerals in low soil pH, but not in 
high soil pH. As there  was no increase o f Al in the conditioned supernatant o f KSF - 
nep.sye (pH 3.7), it is likely tha t no additional free Al was made available through 
the drop in pH from  nep.sye, which had a huge am ount o f Am. Al and Am. Si. As 
tim e passed a fte r MS2 was attached to  the amorphous clay minerals in the KSF -  
nep.sye m ixture, inactivation gradually happened and ended w ith  complete 
inactivation at the end o f the experim ent. W ith the titre  o f MS2 provided (10^ 
p fu /m l), the amorphous clay minerals in KSF alone was not enough to  com pletely 
inactivate the bacteriophages. However, w ith  the addition o f nep.sye, im m ediate 
attachm ent was achieved, which lead to  eventual com plete inactivation o f all the 
bacteriophages. It is unclear why MS2 attachm ent to  amorphous clay minerals was 
more favourable under low soil pH.
It has been shown tha t oxygen radicals generated from  Fe^^ destroys the DNA 
structure o f 0X174 (Loeb et al. 1988). It was not known w hether KSF soil generated 
radicals under the condition o f the batch experim ents o f this study. However, it has 
been shown tha t when Fe was precip ita ted out from  the buffered KSF, the ab ility  o f 
KSF to  instantly and com pletely inactivate 0X174 was lost. Fe^^ would be the form  
o f ion existing in the KSF soil slurry, instead o f Fe^% because o f the low  pH o f the 
slurry. Ion exists as Fe^^at low pH, typ ically below pH 5 (Ehrlich 2002). Furthermore, 
Fe^^ is usually photo-reduced to  Fe^^ in the presence o f light, through UV (Yip et al. 
2005), and the  batch experim ents o f this study were conducted in natural light. 
When nep.sye was added to  KSF, the pH o f the m ixture was raised to  3.7. This 
would have oxidized the Fe^^to Fe^% evidenced by the precipita tion shown in Figure 
6-5. The logistic regression fo r 0X174 removal (Table 5-4) showed tha t Am. Fe 
enhanced 0X174 removal, though Fe was not shown to  be a significant predictor fo r 
0X174 removal in the logio transform ed and non-transform ed removal model. The 
batch experim ents w ith  KSF fu rthe r elucidated the role o f Fe in 0X174 removal, tha t 
is, inactivation through Fe^\ under low  soil pH.
Given the strong effect o f Fe on 0X174 in low soil pH o f KSF, the effect o f Al on 
0X174 removal in low pH could not be verified. Nevertheless, judging from  the 
minim al removal o f 0X174 by nep.sye, it is very likely tha t in order to  attach or 
inactivate 0X174, amorphous clay minerals need to  be in low soil pH. The 
a ttenuating e ffect o f H^ on 0X174 removal is supported by the batch experim ents
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using KIO, which also produced a low pH o f 3.2 (Table 6-2), but m inim um  
inactivation. Although the inactivation data o f 0X174 in pH 2 were not produced in 
this study and could not be found elsewhere, based on the regression model results 
o f this study (which suggested tha t H^ was not causing 0X174 removal and tha t pH
3.2 in KIO was not inactivating 0X174), it is likely tha t 0X174 would have also 
survived at pH 2 w ithou t the presence o f Al or Fe.
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CHAPTER SEVEN 
DISCUSSION
7 Introduction
This chapter presents a critical review o f the results, and discusses the perform ance 
o f the virus removal models produced from  this study. Lim itations o f the research, 
particularly in term s o f sampling lim ita tion , are also considered. The potentia l 
impact o f the research as a result o f also including amorphous and crystalline soil 
m inerals into the bacteriophage removal model, are evaluated.
7.1 A  C ritica l R eview  o f the Results
The underlying assumption o f this study was tha t if certain soil properties are tru ly  
robust as predictors fo r bacteriophage removal, they w ill give sim ilar results, 
irrespective o f how the data are presented. It was also proposed tha t there  is a lack 
o f knowledge o f how data transform ation  would affect the outcom e of 
bacteriophage removal models, as the results were usually reported using 
transform ed data. Environmental data, often being not norm ally d istributed, are 
usually transform ed before being analysed, in order to  increase the statistical 
power o f the analysis (Levine and Dunlap 1982). There were d iffe ren t opinions 
regarding w hether or not to  transform  non-norm al data, w ith  those preferring not 
to  do so stating tha t the  transform ation  may produce results tha t are not reflective 
o f the original data (Games and Lucas 1966; Levine and Dunlap 1982; Levine and 
Dunlap 1983). Therefore, this study used both logio transform ed and non- 
transform ed data to  produce the overall bacteriophage removal models. On 
examining the data produced from  both models, it was found tha t the  significant 
soil parameters, identified from  both overall models, were actually related to  
bacteriophage removal, and should there fore  receive equal consideration to  
improve the understanding of bacteriophage removal mechanisms.
The geom etric mean o f the overall MS2 and 0X174 removal (all 33 soil samples) in 
this study was 1.68 and 1.84 logio reductions respectively, which was equivalent to  
97.9% and 98.5% o f removal (Table 5-1). The average virus removal by natural soils 
reported elsewhere was about 2 log reduction in virus titre . For example, removal 
percentage o f the bacteriophage f2 was reported to  be o f 47% in actual fie ld sites 
made up o f unconsolidated silty sand and gravel (Schaub and Sorber 1977). MS2
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and PRDl removal in a 12 fee t x 12 fee t basin was 90% and 99% respectively (Gerba 
et al. 1991). M eanwhile, about 3 logio reduction o f MS2 and PRDl were reported in 
a recharged dune (Schijven et al. 1999). Therefore it appears tha t 2 logio o f 
reduction could be the general rule o f thum b o f the efficiency o f natural soils in 
removing viruses, if no particular emphasis o f soil content, virus type, exam ination 
type or duration was made. The  main bulk' o f this rule o f thum b is likely to  be 
explained by soil properties, as indicated from  the results o f this study, which has 
not considered o the r im portant fie ld parameters such as soil tem perature, w ater 
content, and subsurface flow  (Yates and Ouyang 1992; Collins et al. 2006; Blanford 
et al. 2005).
In contrast to  the 2 logio virus removal by natural soils in general, it is also possible 
to  associate virus removal higher or lower than 2 logic reduction w ith  distinct types 
o f soil contents. There were eight cases each in this study tha t showed poor 
removal and good removal fo r both MS2 and 0X174. The firs t group included soil 
sample numbers 1,3,4,5,6,12,18,25, which all reported below 1 logic reduction o f 
bacteriophage titre . The la tte r group comprised soil sample numbers 
8,15,19,23,31,32,33, which showed good bacteriophage removal o f above 3 logic 
reduction (Table 5-1). Compared w ith  the overall average (arithm etic mean) o f the 
33 soil samples, the soil samples tha t removed bacteriophages poorly had high Ca, 
Mg, TIC, Am. Si, smectite, calcite, and low Al, Fe and Mn. The opposite was 
observed fo r the soil samples tha t removed more than 3 logic o f bacteriophages. 
They had high Al, Fe and Mn, and low Ca, Mg, organic m atter (TN, TC, TOC, TIC) and 
calcite (Table 5-1 and Table 5-2). These results agree w ith  the findings o f the 
regression models.
The relationships o f Ca, Al and Fe in the bacteriophage removal are fu rthe r revealed 
in the scatterp lo t o f the soil properties against MS2 and 0X174 removal (Appendix 
E-1). High soil pH and Ca, toge ther w ith  low Al and Fe, produced a d istinct cluster o f 
soil samples w ith  low 0X174 removal (soil sample numbers 1,3,4,5,6,12,18,25,27), 
representing less than 0.5 logic o f reduction. There was no 0X174 removal reported 
w ith in  the range o f 0.5 to  1.25 logic reduction. In contrast, th is did not occur fo r 
MS2 removal, fo r which continuous d istributions were reported (Appendix E-1). It is 
known tha t Ca can bind to  three d iffe ren t binding sites on the oute r structure o f 
0X174, the bound Ca thereby inducing conform ational changes to  the structure o f 
the  virus protein tha t results in additional e lectron density on the bacteriophage 
(Hag et al. 1994). It is possible tha t such changes caused the poor removal o f 0X174 
in those soil samples, in which very little  Al and Fe was available to  counteract the 
additional negative charges.
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7.2 C om paring  the Soil Properties o f T h is  Study w ith  Those o f 
O th er Studies
The representativeness o f the soil sannples in this study was compared w ith  soil 
properties reported elsewhere. A lite ra ture  search was undertaken and a to ta l o f 34 
soil related studies were examined (Appendix B). The in form ation from  Appendix B 
is summarized in Appendix E-2, presenting the m inim um , maximum, geom etric 
means, and a num ber o f readings o f the available soil properties, which included 
the soil pH, soil textu re  percentages, cation concentrations, and TOC percentages. 
For purposes o f comparison, the parallel data from  this study were also presented 
in the table. The values o f the respective soil properties in this study compared w ith  
these o ther studies, were shown as percentages in the same table.
The studies examined and presented in Appendix B did not report all the  soil 
properties tha t were relevant to  this study. Particularly, the data points o f H% Al, Fe, 
Am. Al, Am. Fe, Mn, were low. Nevertheless, it could be shown tha t the percentages 
o f those few  soil properties from  this study were very low compared w ith  the  34 
studies, except fo r H^ and Am. Fe. Meanwhile, this study reported higher 
percentages o f Ca, TOC and silt. Based on these criteria, it could be suggested tha t 
the bacteriophage removal models produced from  this study m ight be suitable fo r 
Mollisols, Inceptisols, and Alfisols; and not suitable fo r Oxisols and Vertisols (refer to  
Table 2-5 and Appendix B fo r the relevant soil characterizations).
7.3 N o n -d e tec tio n  o f Soil M inerals  : Sam pling L im ita tio n
The crystalline soil m inerals o f this study, except quartz, made up averages 
(arithm etic mean) between 0.21 % and 6.18 % o f the  bulk volum e o f soil minerals, 
as determ ined by the  bulk soil XRD test (Table 5-2). The rest was made up o f quartz, 
which constitu ted between 25 to  100% o f the bulk volum e o f the soil minerals. The 
33 soil samples fell in to  fou r categories o f soil textu re  classes, which were sandy 
loam (n = 13), s ilt loam (n = 16), loamy sand (n = 2) and loam (n = 2) (Table 5-2). The 
soil samples collected from  d iffe ren t places in the county o f Surrey, United 
Kingdom, covered an area about 900 miles square, based on the fa rthest apart 
longitude and la titude points o f N 51° 06' 17" (Fir Tree Copse, No. 32), N 51° 25' 10" 
(Thorpe Hay, No. 18), W 0° 02' 40" (Blindley Heath II, No. 22), and W 1° 20' 52" 
(Newbury, No.12). The rock un it descriptions fo r these 33 sites according to  the 
1 : 625 000 geological map comprised ten d iffe ren t units (Table 3-3). This study 
considered the effect o f he tero troph ic plate counts (m icroorganism measure) from
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soil samples on the removal o f bacteriophage. Therefore the soil samples had to  be 
transported back to  the laboratory and analysed as soon as possible.
7.4 F ittin g  the Bacteriophage Regression M o d e l U sing  E x is tin g  
Literature
This section presents the assessment o f the predictive perform ance o f the model 
produced from  this study by fitt in g  the model w ith  existing data from  the literature. 
The com patib ility  o f the fittin g  was examined from  a num ber o f aspects. Firstly, if 
the bacteriophage (or virus) used in those studies were not MS2 or 0X174, it would 
have to  be determ ined w hether the bacteriophage (or virus) was equivalent to  MS2 
or 0X174, based on existing reports tha t provide comparison o f removal 
characteristics between the bacteriophage (or virus) to  MS2 or 0X174. Next, the 
methods used to  measure the soil properties in those studies were noted, 
particularly the cation extraction methods, and it was decided w hether these would 
produce results comparable to  those in this study. Thirdly, the  most suitable model 
produced by this study was chosen fo r the fitt in g  based on the availab ility o f 
equivalent soil properties related to  the study being compared. Choosing a model 
w ith  the highest num ber o f comparable predictors was more im portant than 
choosing a model o f higher value. Absent predictors were replaced w ith  the 
geom etric mean from  Appendix B. W hen there was no relevant value fo r the 
predictor from  Appendix B, the median produced from  this study was used instead 
fo r tha t predictor. Lastly, the units o f those reported soil properties and 
bacteriophage removal outcomes were converted to  the units used in this study. 
Typically, when the virus removal was reported in percentages, the results would be 
converted using the fo llow ing form ula. There is no unit remaining a fte r the 
conversion which produced a ratio, as the units were cancelled out. The predicted 
values should be in the range o f -10 < x < 0 fo r logio transform ed data, 
corresponding to  a 10 log removal to  no removal at all. For non-transform ed data, 
the values should be in the range o f 10'^° < x < 1. The perform ance o f the prediction 
was assessed using a 'pass mark' o f ± 1 log o f d ifference between the observed and 
predicted bacteriophage removal values.
Removal facto r (SN/Co) = % Remained /  (% Attached + % Remained)
= (100% - % Attached) /  100%
% Remained = p fu /m l in 'Supernatant' (SN)
100% = % Attached + % Remained = p fu /m l as in in itia l titre , Co
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The study o f M oore et al. (1981) was chosen fo r the fitt in g  purpose based on the 
criteria o f f itt in g  com patib ility  as m entioned earlier in this section. The overall MS2 
removal regression model based on the  logio transform ed was used fo r the fittin g  
(Table 5-4). According to  Bae and Schwab (2008), the viral reduction rates (logio 
/day, measured as in fectiv ity) o f MS2 and poliovirus were almost sim ilar, reported 
as 0.02 ± 0.01 and 0.02 ± 0.002 respectively at 25°C w ith  laboratory quality waters, 
and 0.12 ± 0.02 and 0.13 ± 0.02 at 25°C w ith  environm ental waters. A field-scale 
study showed tha t the removal o f MS2 and poliovirus through an aquifer 
dom inated by sand and gravel was 83 % and 99.88 % respectively (Woessner et al. 
2001). Therefore, it is deemed tha t the MS2 removal model o f this study could be 
used to  predict the removal o f poliovirus, as reported by M oore et al.
The pH, Fe concentration, TOC percentage, and poliovirus removal percentages in 
the study o f M oore et al. were adjusted where necessary to  the corresponding unit 
used in this study. The original un it o f iron concentration was in mg/g, determ ined 
by n itric acid extraction. This m ethod bette r reflects the oxalate acid extraction 
m ethod than the BaCl2 extraction method. Hence, the Fe results o f the ir study were 
comparable to  the Am. Fe results o f this study.
The most relevant regression analysis produced by this study tha t could o ffe r a 
fitt in g  to  the study o f M oore et al. (1981), was the linear regression w ith  logio 
transform ed data, comprising Al, soil pH, TOC, Am. Fe, Am. Si and goeth ite  as the 
predictors. The Al concentration reported in the ir study was not suitable to  present 
exchangeable Al. Therefore the geom etric mean o f exchangeable Al from  Appendix 
B was used to  represent the  value fo r Al. The Am. Si concentration and goethite  
percentage were not available from  Appendix B. Therefore, the median o f the tw o  
predictors from  this study was used fo r the fitt in g  (Table 5-2). The SN/Co equivalent 
observed poliovirus removal values reported by M oore et al. (1981) and the 
predicted values using MS2 model from  this study were presented in Table 7-1. As 
could be seen from  Table 7-1, 21 cases out o f the 32 predicted cases was 
successfully predicted w ith in  ± 1 log difference criteria. Seven cases (red fonts) o f 
the observed poliovirus removal were underestim ated by the  MS2 removal model, 
and fou r cases were overestim ated (blue fonts). Two cases could not be predicted 
(green fonts). Four o f the overestim ated poliovirus removal cases occurred w ith  clay 
minerals, namely the kaolinite and one o f the sandy loam. This is because these clay 
minerals had very little  or no organic m atter, which had an attenuating  effect on 
MS2 removal. The MS2 model o f this study was built on natural soils, and was able 
to  predict poliovirus removal reasonably well in the natural soils and rocks.
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The underestim ated (red fonts) cases involved sand and illite-based shales and 
some natural sands. This suggested tha t some o ther soil minerals, particularly those 
tha t have been shown elsewhere to  have some degree o f virus removal capacities 
(section 2.5.2 and section 2.5.3), should ideally be included in the model. However, 
illite  fo r example, was not detected in the  soil samples collected in this study and 
hence the model could not be bu ilt to  also include it. Meanwhile, it is also very 
possible tha t sand-sized soil minerals such as feldspar, could have made up a 
fraction o f the 'sand' soils in the study o f M oore et al. (1981), whereby it has been 
shown to  irreversibly attach MS2 (Schulze-Makuch et al. 2003).
Fitting was also perform ed on the results o f MS2 removal by the KSF, KIO and 
nep.sye soils o f this study. The observed MS2 removal in logio scale fo r the three 
respective soils were -5.65, -3.48 and -0.08. However, the linear regression model 
based on logic transform ed data had underestim ated the removals, reporting 
predicted removals o f only -2.99, -2.11 and 2.33 respectively (results not shown). 
The nep.sye prediction was out o f range, because the extractable Al o f nep.sye was 
only 1 mg/kg (Table 6-1), and from  the model it is known tha t extractable Al 
receives a heavy weighting (beta coeffic ient value). The MS2 removal by KSF was 
also underestim ated because it had very low  pH (Table 6-2), and the model had a 
positive beta coeffic ient fo r pH. The fitt in g  o f the three commercial soils showed 
tha t extrem e values w ill also reduce the  predictive power o f the bacteriophage 
removal model.
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Table 7-1 Prediction o f Poliovirus Removal in the Study o f M oore et al. (1981) 
Using the MS2 Removal Model o f This Study
No. Soil type
%
Attached
%
Remained
SN/Co
equivalent
Observed
Removal
Logio o f 
Observed 
Removal
Logio o f 
Predicted 
Removal
Logio o f 
Predicted -  
Logio o f 
Observed
1 Dolom ite 99.20 0.80 0.008 -2.10 -1.810 0.3
2 M ontm orillon ite 91.50 8.50 0.085 -1.07 -2.110 -1.0
3 M ontm orillon ite 94.50 5.50 0.055 -1.26 -1.936 -0.7
4 Quartz 99.75 0.25 0.003 -2.60 -2.174 0.4
5 Bitum inuous Shale 94.80 5.20 0.052 -1.28 -0.917 0.4
6 Calcite 98.20 1.80 0.018 -1.74 -0.387 1.4
7 Fossiliferous limey shale 99.40 0.60 0.006 -2.22 -1.271 1.0
8 lllitic  shale 99.19 0.81 0.008 -2.09 -0.305 1.8
9 Argillaceous Shale 99.56 0.44 0.004 -2.36 -1.822 0.5
10 Arenaceous Shale 99.45 0.55 0.005 -2.26 -1.071 1.2
11 Calcareous Shale 97.90 2.10 0.021 -1.68 -1.105 0.6
12 Kaolinite API no. 5 99.53 0.47 0.005 -2.33 -7.999 - 5.7
13 Halloysite 98.60 1.40 0.014 -1.85 -4.312 - 2.5
14 Dickite 99.81 0.19 0.002 -2.72 -1.429 1.3
15 A ttapulg ite 97.90 2.10 0.021 -1.68 -2.491 -0.8
16 Dune sane 99.56 0.44 0.004 -2.36 -1.364 1.0
17 Dune sane 98.00 2.00 0.020 -1.70 -1.620 0.1
18 Beach Sand 99.90 0.10 0.001 -3.00 -1.233 1.8
19 M agnetite  sand 99.994 0.006 0.00006 -4.22 -2.391 1.8
20 Sandy loam 92.50 7.50 0.075 -1.12 -1.157 0.0
21 Silt loam 75.00 25.00 0.250 -0.60 -0.212 0.4
22 Sandstone 99.48 0.52 0.005 -2.28 -1.952 0.3
23 Conglomerate 98.20 1.80 0.018 -1.74 -1.390 0.4
24 Glauconite 94.10 5.90 0.059 -1.23 -1.919 -0.7
25 Adobe 93.90 6.10 0.061 -1.21 -0.697 0.5
26 Silt loam 97.90 2.10 0.021 -1.68 -1.762 -0.1
27 Muck 79.00 21.00 0.210 -0.68 1.171 1.8
28 Kaolinite API no. 4 98.70 1.30 0.013 -1.89 -4.144 - 2.3
29 Conglomerate 99.55 0.45 0.005 -2.35 0.122 2.5
30 Loess 98.30 1.70 0.017 -1.77 -1.971 -0.2
31 Sandy loam 98.20 1.80 0.018 -1.74 -3.498 - 1.8
32 Silt loam 99.33 0.67 0.007 -2.17 -0.960 1.2
Red fonts -  the  model underestim ated the  observed bacteriophage removal by > 1 log 
Blue fon ts -  the  model overestim ated the observed bacteriophage removal by > 1 log 
Green fonts -  out o f range : the model could not make prediction
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7.5 The Challenge o f Sample Size Requirement
There are a m inim um  num ber o f samples needed fo r regression models based on 
the  num ber o f predictors (Green 1991). The num ber o f soil samples w ill continue to  
be an im portant research lim ita tion  in virus removal -  natural soil related studies, 
unless there is a concerted e ffo rt to  overcome this lim ita tion  by conducting bigger 
scale studies. The ideal virus removal regression model should be constructed from  
a tru ly  diverse range o f soil samples. The consequence o f not being able to  do this 
on the robustness o f the virus removal model has been shown from  this study, as 
discussed in section 7.4. It is best tha t soils from  d iffe ren t soil orders (section 2.4.5) 
are collected fo r the virus removal analysis. It has been suggested tha t one pedon of 
soil (about one square m etre o f soil from  soil surface to  bedrock) would be 
suffic ient to  represent a soil o rder (Kodama 1979).
7.6 Regression Analysis in Other Related Studies : Deahng W ith  the 
Research L im itation o f Sample Size
The studies o f Gerba et al. (1981) and Hurst and Gerba (1979) were the only tw o  
found to  have used regression analysis in exam ining the  removal o f viruses in soils, 
based on various soil properties. In presenting the data fo r stepwise regression 
analysis, Gerba et al. (1981) used the differences between titres o f unattached 
viruses (equivalent to  the SN titre  o f this study) and titres  o f viruses in controls 
w ith o u t soil (equivalent to  the Co titre  o f this study). M ost likely no data 
transform ation  was made since it was not m entioned in the study. The study was 
based on previously published virus a ttachm ent reports using 14 virus types and 
nine soil types (Goyal and Gerba 1979; Hurst and Gerba 1979), which also included 
MS2 and 0X174. As there were many virus types, Gerba et al. (1981) were able to  
perform  facto r analysis to  group the 14 d iffe ren t virus types in to  2 groups by sim ilar 
a ttachm ent behaviour w ith  the nine soils, w hile  the bacteriophage f2 was found to  
behave d iffe ren tly  to  the tw o  groups. For the firs t group o f viruses which included 
MS2 and 0X174, soil pH was the most im portan t predictor, showing negative 
corre lation w ith  the attachm ent o f the viruses, which agreed w ith  the result o f this 
study. Two o ther parameters significant to  the a ttachm ent o f the firs t group of 
viruses were organic m atter content and exchangeable Fe. Higher organic m atter 
was associated w ith  lower attachm ent, but the reverse was true  fo r exchangeable 
Fe. The findings regarding those tw o  soil parameters were also sim ilar to  this study 
based on models (refer Table 5-5) and Spearman's rho corre lation coeffic ient (refer 
Appendix C-6). No significant parameters were found in the second group o f viruses 
by means of the regression analysis.
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This study and the study o f Gerba et al. (1981) shared the  same objective o f 
identify ing the common soil parameters tha t predict the  removal o f viruses. 
However, these tw o  studies had the opposite lim ita tion  and advantage in term s o f 
sample size and the num ber o f viruses. Therefore, this study and the study o f Gerba 
et al. (1981) had to  take d iffe ren t approaches to  achieve the same objective. This 
study perform ed separate regression analysis fo r tw o  types o f bacteriophages, 
because o f the advantage o f having more soil samples, and looked fo r sim ilar soil 
properties through the tw o  unrelated regression models fo r the tw o  
bacteriophages. Judging from  how the regression data were presented, it is very 
likely tha t Gerba et al. (1981) pooled the removal data from  d iffe ren t virus types 
w ith  the support o f facto r analysis into each regression models, due to  the lack o f 
soil samples. This was possible because o f the advantage o f having more virus 
types. However, in doing so, values fo r the soil properties in the regression models 
would have to  be repeated sim ilar num ber o f times to  the num ber o f virus types in 
tha t particular regression model. Hence the independent variables were not tru ly  
unrelated. This is in contrast to  the results from  this study tha t were produced from  
random and unrelated soil samples.
Gerba et al. (1981) used only fou r or five soil properties at a tim e  as predictors in 
the ir regression models. Therefore it seems that, being constrained by the 
lim ita tion  o f sample size, they chose to  break down the soil properties in to  three 
d iffe ren t sets and hence perform  three d iffe ren t regression models, in order to  get 
closer to  meeting the requirem ent fo r sample size -  num ber o f predictors. 
However, in doing so, they gave up the chance to  investigate the potentia l fo r 
in teraction among soil properties from  the d iffe ren t sets. M eanwhile, although 
having a bigger sample size than did Gerba et al. (1981), due to  research lim itations, 
this study still could not m eet the sample size -  num ber o f predictors requirem ent 
fo r regression models. Nevertheless, it has been suggested tha t, when high 
correlations w ith  the predicted outcom e exist, a smaller size may be appropriate 
(VanVoorhis and Morgan 2001). Therefore, in this study, the  regression models 
were perform ed using all soil properties at once in order to  also examine the 
in teraction among the soil properties in affecting the  bacteriophage removal. The 
im portan t predictors in th is study, such as Al, TOC and soil pH, had very strong 
significant correlations w ith  the predicted outcome o f bacteriophage removal. 
Hence it is unlikely tha t the  small sample size had underm ined the  re liab ility  o f the 
regression results o f this study. This applies specifically to  the  overall bacteriophage 
removal models.
Significant e ffo rts  were made by Gerba et al. (1981), and also this study, to  produce 
sound results am idst the challenges o f statistical assumptions fo r regression
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models. It is remarkable tha t even w ith  d iffe ren t data analysis steps, these tw o 
studies came to  sim ilar conclusions on the effects o f soil pH, organic m atter and 
extractable Fe on MS2 and 0X174, while more in-depth findings were also provided 
by this study. Meanwhile, the study o f Gerba et al. (1981) also confirm ed the 
underlying assumption o f this study, tha t soil properties tha t are tru ly  robust as 
predictors fo r bacteriophage removal give sim ilar results, irrespective o f how the 
data was presented -  or analysed.
7.7 M ulticollinearity : Exclusion of Some Soil Properties and 
Reduced R^ value o f the Non-transform ed Bacteriophage 
Removal M odel
The values o f the non-transform ed overall bacteriophage removal model fo r MS2 
and 0X174 were less than 0.7 whereas the logio transform ed models gave values 
higher than 0.9. The most likely reason fo r the lim iting  o f Revalues in the models 
based on non-transform ed data is the m u ltico llinearity  among the soil parameters 
im portan t to  the bacteriophage removal. These highly correlated soil parameters 
were also significantly correlated to  the bacteriophage removal on the ir own. Two 
such groups were discussed in relation to  MS2 removal.
The firs t pair o f highly correlated soil parameters in MS2 removal was the pair o f Al 
-  soil pH. As indicated from  the logio transform ed overall MS2 removal model, both 
the  soil parameters would need to  be included in order to  explain the outcome 
better. However, Al was not included in the non-transform ed overall MS2 removal 
model. A separate overall MS2 removal model was perform ed using hierarchical 
m ultip le  linear regression. In this particular model, the soil pH and Al was assigned a 
force entry into the firs t analysis block, while  all o the r remaining soil parameters 
were assigned in to  the second analysis block w ith  forw ard  stepwise method. This 
explanatory analysis is undertaken because a predictor w ith  known effect on the 
predicted outcom e could be prioritized in to  a model construction (Field 2005). The 
adjusted R^  o f this model increased slightly to  0.678 (result not shown) as compared 
w ith  the model w ith o u t force entry (Table 5-4). The coefficient, collinearity 
diagnostic tables and residual plots are shown in Appendix E-3. Meanwhile, another 
hierarchical m ultip le  linear regression was also perform ed using the non- 
transform ed MS2 removal data, but by assigning only Al w ith  force entry in the  firs t 
analysis block while  soil pH was assigned in to  the second analysis block as w ith  all 
o the r soil parameters. The adjusted Revalue o f this model was 0.683, which again, 
was only a slight increase o f value. Nevertheless, soil pH was not deemed significant 
by this particular model, whereas sm ectite-verm icu lite  became a significant
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param eter (Appendix E-4). Hence, it seems tha t soil pH and Al were treated as 
interchangeable by the non-transform ed MS2 removal data in producing a linear 
regression model, while in fact, both the parameters have th e ir own roles to  play in 
affecting MS2 removal.
The second group o f soil parameters tha t could have lim ited the Revalue o f the 
overall MS2 removal model based on non-transform ed data, was Mg-K-Ca. 
A lthough Ca was not included in any o f the overall or subgroup MS2 removal 
models except in the subgroup based on Am. Al (refer Appendix C-6), it was actually 
the strongest m oderator to  both Mg and K in determ ining the outcom e o f MS2 
removal (refer Table 5-14), which it increased the a ttenuation effect o f K on MS2 
removal while  changing the effect o f Mg on MS2 removal from  enhancement to  
a ttenuation (section 5.5). The non-param etric zero-order corre lation based on non- 
transform ed data between Ca-Mg and Ca-K was 0.859 and 0.666 respectively 
(results not shown, the counterpart values based on logio transform ation  data were 
presented in Appendix C-6).
Summing up the tw o  groups o f highly correlated soil parameters tha t affect overall 
MS2 removal based on non-transform ed data, another linear regression was 
perform ed. This tim e, only Al, Soil pH, K, Mg, Ca, and Am. Si were selected as the 
independent variables, and the force entry method was applied instead o f the 
forw ard  stepwise method. However, this did not improve the model, where an 
adjusted R^  value o f 0.670 was reported. Examination o f the VIE values and 
co llinearity statistics (Appendix E-5) showed tha t the observed m u ltico llinearity  was 
the  most serious compared w ith  the o the r tw o  models w ith  forced entry (Appendix 
E-3 and Appendix E-4).
7.8 Identification Suppressors and Moderators o f Soil Properties in  
Relation to Bacteriophage Removal : Dealing w ith Soil Diversity
The identifica tion o f suppressors and moderators are im portan t when working w ith  
natural soil. Single soil m inerals are frequently  used fo r bacteriophage removal 
studies as the results are stra ightfo rw ard  and hence easier to  in terpre t. However, 
the bottle  neck o f using single soil m inerals is tha t the result is inevitably far from  
representative o f the  natural soil. Hence there have been attem pts to  use natural 
soil in column studies (Schinner et al. 2010; Quanrud et al. 2003; Funderburg et al. 
1981). This is an im portant step forw ard. Yet, the studies o f columns made up o f 
natural soils would face the next research bottleneck, which is the  diversity o f soil 
properties. This study dem onstrated tha t by identifica tion o f suppressors and
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moderators o f soil properties in re lation to  bacteriophage removal, supported by 
subgroup data, based on medians o f soil properties, the research challenge posed 
by soil property d iversity could be handled to  a certain degree. It is expected tha t if 
more soil samples were examined in such fu tu re  study, fu rthe r elucidation o f the 
effect o f natural soil on virus removal could be achieved.
M oderation and suppression analysis is very useful in examining the interaction 
among m ultip le  soil properties and its e ffect on the removal outcom e o f d iffe ren t 
viruses. For example, it is known tha t, in natural waters, a lum inium  competes 
against iron in form ing complexes w ith  dissolved organic m atter through 
attachm ent (Perdue et al. 1976). It has also been reported tha t Al and Fe are able to  
remove MS2 and 0X174 (Abbaszadegan et al. 2007; Matsushita et al. 2004), while  
organic m atter reduces the attachm ent o f MS2 to  surfaces (Gutierrez et al. 2009) 
and inactivation o f 0X174 (M itchell and Jannasch 1969). By referring to  the partial 
corre lation analysis o f MS2 and 0X174 removal by natural soils (Table 5-13 and 
Table 5-14), this study showed tha t the a ttenuation o f MS2 removal caused by TOC 
(zero-order corre lation r = 0.337) was decreased (suppressed) by Al (partial 
corre lation r = 0.446), whereas the attenuation  o f 0X174 removal caused by TOC 
(zero-order corre lation r = 0.384) was decreased (suppressed) w ith  bigger 
magnitude by Al, shown by the partial corre lation r = 0.563. This means tha t the 
complexation o f TOC and Al suggested by Perdue et al. (1976) is very likely to  have 
happened during the removal o f both MS2 and 0X174 in this study, in which TOC 
would have shown a bigger a ttenuation e ffect on the bacteriophages if some o f its 
a ttachm ent sites were not occupied by Al. By applying the sim ilar principle, the 
suppression shown by Fe on the a ttenuation o f MS2 and 0X174 removal caused by 
TOC could also be explained. Meanwhile, the partial analysis fu rthe r suggests tha t 
the magnitude o f suppression exerted by Al and Fe on the attenuation by TOC on 
0X174 removal was bigger than in the case o f MS2 removal.
Partial correlation analysis can provide more in form ation  regarding the  effects o f 
soil p roperty interactions on bacteriophage removal, by using few er samples 
compared w ith  the contro lled experim ent approach. For example, Gutierrez et al. 
(2009) had to  use 15 d iffe ren t conditions to  test the effects o f interaction among 
organic m atter, bicarbonate, Ca, Mg and Na on the a ttachm ent o f viruses. In the 
preceding paragraph, it has been shown tha t a three-param eter interaction (TOC- 
Al-Fe) could be shown w ith  partial corre lation analysis. The in form ation  is only a 
part o f the overall partial corre lation analysis, in tha t many o ther such pieces of 
in form ation  could be delivered using the same set o f soil samples. Hence, partial 
analysis would be a very useful way to  study natural soils, and reduces the need to  
contro l fo r each experim ental condition using single soil minerals.
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The technique o f m oderation and suppression analysis has been used w ide ly in 
o ther research fields, notably in those o f social science and epidem iology (Sajobi et 
al. 2012; Conner and Godin 2007; W endt and Birdsey 1989; Borkenau and 
O stendorf 1992). The technique was well developed in these research fields 
because the studies are o ften linked to  m ulti-d im ensional factors involving human 
subjects. Similarly, soil as a subject is linked to  m ulti-d im ensional factors. Previously 
there had been no reported virus removal study tha t used m oderation and 
suppression analysis to  investigate the effect o f soil properties interaction on the 
removal process. This study is the firs t to  take this approach, and the e ffo rt should 
be continued elsewhere -  the d iversity o f soil and how it affects virus removal could 
be examined just as the  d iversity o f human characteristics are being investigated to  
explain disease outcomes.
7.9 The importance of Regression Analysis in Resolving Conflicting  
Results in the Literature Regarding Virus Removal
The regression analysis approach, such as one taken in this study, is useful in 
providing clues to  resolve conflicts reported in the lite ra ture  regarding the removal 
o f virus by natural soils. In general, the enhancement or a ttenuation o f virus 
removal is virus type, cation type, and soil m ineral type specific, and depends on 
more than one factor. Therefore, conflicting results among d iffe ren t studies 
regarding the effect o f a particular type o f soil content on virus removal by soil 
samples is bound to  happen, particularly when very small numbers o f soils are 
assessed. For example, Goyal and Gerba (1979) showed tha t Ca increased the 
removal o f 12 types o f viruses w ith in  a single soil. Similarly, Carlson Jr et al. (1968) 
dem onstrated tha t Ca im proved the removal o f virus by clay minerals kaolinite, 
m on tm orillon ite  and illite. However, Chu et al. (2003) found tha t Ca did not affect 
the removal o f bacteriophages, based on five soils. These conflicts could be due to  
variation in soil properties. When a larger num ber o f diverse samples are examined 
and analyzed through regression analysis, variations can be collectively considered 
to  produce a net result. By using Ca as an example from  this study, the  oval shape 
d is tribu tion  shown on the scatte rp lo t o f Ca against MS2 and 0X174 (refer Appendix 
C-3) revealed tha t a typical value o f bacteriophage removal ratio  can be associated 
w ith  very d iffe ren t values o f Ca concentrations. Yet through regression analysis and 
the  supporting partial corre lation analysis, the in tricate  relationship among those 
soil contents could be considered together, and deliver a net outcom e regarding the 
effect o f Ca on bacteriophage removal. From this study, Ca was shown to  actually 
a ttenuate virus removal. Such results tha t had considered more sample through
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regression analysis, would be more representative compared w ith  results produced 
from  studies w ith  smaller sample size.
7.10 Issues w ith Crystalline Soil M inerals Detection
The bulk soil XRD test could not detect soil m inerals w ith  content lower than 5% of 
the to ta l soil sample w eight (Warren and Ransom 1992). Therefore the trace 
percentage and non-detection o f the soil m inerals reported in this study were 
theore tica lly  lower than the 5% detection lim it in term s o f bulk soil weight. There is 
no exact figure regarding the  detection lim it o f bulk soil XRD. This is because the 
d iffraction  in tensity o f the test could be reduced by o ther factors, among which is 
the  presence o f amorphous materials (W hittig  and Allardice 1986). The presence o f 
amorphous soil minerals is characterized by tw o  patterns observable from  
diffractogram s, which could be e ither no defined peaks, or peaks in which broad 
bands appeared (Grim 1968). Examples o f d iffractogram s w ith  high amorphous 
content are shown in Appendix E-6a to  Appendix E-6d respectively fo r KSF, KIO, 
Blindley Health II (sample no. 22) and Paper Court I (sample no. 13). For 
comparison, the diffractogram s o f Busbridge (sample no. 7) is also shown (Appendix 
E-6e). The Busbridge sample had 100% quartz, and m inim um  amorphous content.
According to  bulk soil XRD test, there was 16 soil samples found to  have clay 
mineral contents (Table 5-2). However, based on clay m ineralogy test, there were 
18 soil samples w ith  clay m ineral contents (Appendix E-7). Sample no. 5 and 8 were 
the  exceptions, in tha t clay m inerals were detected by the clay m ineralogy test but 
not by the bulk soil XRD test. The reason fo r this is unknown, as there were no 
extrem e values observed fo r these tw o  samples among o ther tested soil properties.
7.11 Amorphous Al, Fe and Si detection
Amorphous (non-crystalline) soil minerals could make up as much as 25% o f the 
bulk w eight o f soils, depending on the soil type (Hodges and Zelazny 1980). In order 
to  present a balanced view  o f soil compositions, am orphous soil minerals content 
has to  be considered as well. Because o f the irregular structure o f amorphous soil 
minerals, there was previously no precise analytical m ethod tha t could quantify this 
portion  o f soil minerals (Jackson et al. 1986). Nevertheless, there  have been recent 
developments to  quantify  amorphous soil minerals. Among them  are 
m ulticom ponent analysis o f Fourier transform  infrared (FTIR) absorbance 
spectroscopy (Bertaux et al. 1998), and the combined use o f X-Ray d iffraction and 
the  Rietveld method (Jones et al. 2000). M eanwhile, there  are a few  chemical
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dissolution methods tha t can estim ate d iffe ren t fractions o f amorphous soil 
minerals. Among these, the am m onium  oxalate acid method is more specific than 
the d ith ion ite  m ethod in extracting Fe and Al from  amorphous clays (McKeague and 
Day 1966). Flowever, the extracted Fe and Al com ponent w ith  the acid oxalate 
m ethod does not account fo r the  to ta l amorphous content, it only detects the 
chemically reactive ('active', or short-range) amorphous fractions (Jones et al. 
2000). The oxalate acid m ethod reported ly underestim ated the am ount o f 
amorphous clays when the samples had high amorphous clay content o f more than 
60%, but th is issue is thought to  be less critical in samples w ith  low amorphous clay 
contents (Kaufhold et al. 2010). It is not known how much were the  amorphous clay 
minerals contents compared w ith  the  crystalline clay minerals among the soil 
samples o f this study. Nevertheless, soil samples tha t showed high amorphous clay 
m ineral contents were soil numbers 11, 13, 14, 18, 21, 25 and 27. This was 
according to  the extractable Am. Al, Am. Fe and Am. Si content (Table 5-2) and the 
appearances o f broad undefined peaks in the d iffractogram s o f the soil bulk XRD 
tests. An example o f such appearance is shown in Appendix E-6d.
7.12 Clay and Silt Percentage : D istinct Soil Contents Particularly 
Amorphous Clay Minerals
The underlying assumption o f this study was tha t sand, clay and silt percentages are 
not specific soil parameters themselves. Rather, they are indicative o f specific types 
of soil properties. This was tested by perform ing linear regression on silt and clay 
percentages to  identify  which soil properties were significantly related to  them . 
Based on the d irection o f corre lation coefficients, it was found tha t silt percentages 
indicated the presence o f Am. Al, Am. Si, Na and quartz, and the  absence o f 
goethite  (Appendix E-8). Meanwhile, the  clay percentage indicated the presence of 
Am. Al, Am. Si, Na, and TIC, and the  absence o f TN and HPC. These results suggested 
tha t clay and silt percentages strongly indicated the presence o f amorphous soil 
minerals. Furtherm ore, this was supported by sim ilar tests on sand percentages tha t 
indicated the absence o f Am. Al, Am. Si, Na, kaolinite and verm icu lite . As the finding 
seems to  emphasize Am. Al and Am. Si, the more specific m ineral content would 
most probably be allophane and im m ogolite , which are amorphous alum inosilicates 
tha t have the highest surface area value among the amorphous clay minerals (Table 
2-5). The Spearman's rho corre lation between Am. Al and Am. Si was 0.447 (p<0.05) 
(Appendix C-6).
The clay and silt percentages were identified as im portant soil predictors in the 
subgroup models tha t were linked to  high bacteriophage removal, each receiving
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above -0.5 o f standardized beta coeffic ient value (Table 5-5 and Table 5-18). These 
subgroup models included 0X174 based on overall removal median, 0X174 at one 
pH unit away from  its lEP, MS2 at one pH unit near to  its lEP, low  Ca concentration 
and high Al concentration. Therefore this study confirm ed the find ing o f Taylor et al. 
(1980) tha t amorphous clay minerals are useful in rem oving viruses, and the 
workers suggested tha t only less than 1 % o f allophane surface would have been 
used fo r bacteriophage attachm ent. Schijven et al. (2002) reported tha t silt 
percentage content and amorphous ferric  oxyhydroxides were positively correlated 
w ith  MS2 and PRDl removal in columns studies containing seven types o f dune 
sands. Although they did not investigate w hat the silt content o f the soils 
represented, it is very likely tha t the silt content would have also represented 
amorphous clay minerals. To be specific, it was amorphous Fe in the ir case. This is 
because the average amorphous Fe concentration in th e ir study was 1.97 g/kg, 
while  the m inim um  sand percentage o f the seven soil samples was 95.01%. In 
comparison to  the ir study, the median o f Am. Fe concentration o f this study was 
only 0.81 g/kg (Table 5-2). Combining the results o f this study and the results o f 
Schijven et al. (2002), it could be concluded tha t silt and clay percentage in natural 
soils satisfactorily indicates amorphous clay minerals, in e ither form  o f Am. Al, Am. 
Fe or Am. Si, and are im portant in enhancing virus removal.
7.13 Crystalline Clay Minerals : The Prominence o f Smectite, 
Verm iculite, and Goethite
Among the soil minerals, sm ectite was the most frequently  appeared soil p roperty 
in the bacteriophage removal models (Table 5-5). Smectite significantly increased 
the removal o f 0X174, but not MS2. The effect o f sm ectite on 0X174 removal was 
suppressed by three other soil properties, which were Mn, Am. Fe and Kaolinite 
(Table 5-15). The Spearman's rho bivariate corre lation o f 0X174 removal and Mn, 
Am. Fe and Kaolinite was -0.518, 0.044 and 0.072 respectively, and between 
sm ectite and the three soil properties, it was 0.094, 0.692 and 0.774 respectively 
(Appendix C-6). Given the high corre lation between sm ectite and Am. Fe and 
Kaolinite, it is possible tha t the suppression happened as 0X174 had less chance to  
come in to  contact w ith  sm ectite w ith  the concurrent presence o f amorphous clay 
minerals (represent by Am. Fe) and kaolinite.
Another three soil minerals tha t were shown to  be im portan t to  MS2 and 0X174 
removal were goethite, verm icu lite  and mica. Among the 33 soil samples, only eight 
contained goeth ite  and only one contained verm icu lite  (including trace am ount 
detection) (Table 5-2). Sand coated a rtific ia lly  w ith  goeth ite  was shown to  improve 
the removal o f viruses (Zhuang and Jin 2008; Foppen et al. 2006). This study has
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shown tha t goethite  existed natura lly in soil, although it is unknown w hether it 
existed in free form  or coated on o ther soil contents, and helped to  increase the 
removal o f MS2. 0X174 removal was not shown to  be related to  goethite. Zhuang 
and Jin (2008) reported tha t at pH 7.5, about 81 % o f MS2 attached to  goethite  
coated sand were inactivated, but 0X174 showed lower inactivation, at about 74% 
under the same condition.
The only presence o f verm icu lite  happened in soil num ber 32, which was also 
associated w ith  the highest Mn concentration, and the highest removal o f MS2 and 
0X174 o f this study (Table 5-1 and Table 5-2). In contrast to  the effective removal, 
the parallel MS2 and 0X174 inactivation fo r soil num ber 32 showed tha t there was 
lim ited inactivation o f both the bacteriophages. It is very likely tha t this particular 
soil showed very strong attachm ent, since inactivation was m inim al. There have 
been some studies on the role o f verm icu lite  on phytopathology associated w ith  
p lant virus (Piazzolla 1989; Jaques 1969). As suggested from  the result o f this study, 
this clay m ineral requires fu rthe r study in the fie ld o f environm ental public health.
7.14 C EC  and Acidity
The values o f CEC (the sum concentration o f all e ight cations. Table 5-2) and acidity 
(the sum concentration o f Al, Fe, Mn and H^) were not used in producing any 
models o f this study. This is because the d iffe ren t members o f the groups m ight 
affect the bacteriophage removal in d iffe ren t d irections or magnitude. This was 
shown to  be true  by the overall MS2 removal based on non-transform ed data (Table 
5-5) whereby Mg actually increased the removal o f MS2, but K attenuated the 
process. Nevertheless, CEC was essentially positively associated to  Ca, Am. Al and 
H \ whereas acidity was positively associated to  Al, H^ and Am. Al (linear regression 
analysis, results not shown).
7.15 Inactivation of MS2 and 0X 174
Am. Si was shown to  cause inactivation o f both MS2 and 0X174 (section 5.7). 
However, the magnitude o f inactivation caused by Am. Si on 0X174 was less than 
on MS2. This is because the inactivation o f 0X174 was less than MS2, which was 
only 0.15 logio o f reduction compared w ith  the 0.28 logic reduction o f MS2 (Table 
5-1). A lthough Am. Si received a bigger beta coeffic ient value in the 0X174 
inactivation model than the beta coeffic ient value o f Am. Si in the MS2 inactivation 
model, the value o f the 0X174 inactivation model was only 0.345, which means 
the predictive power o f the model was weak compared w ith  the MS2 inactivation
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model tha t reported a value of 0.775. It was reported tha t in unsaturated Ottawa 
sand columns, MS2 and 0X174 were both removed, but recovery test using beef 
extract e lution indicated tha t the MS2 was inactivated, but 0X174 was not (Jin et al. 
2000). The workers suggested tha t the difference happened because 0X174 was 
less susceptible to  inactivation at the a ir-w ater interface than MS2 in the sand 
column (AWI, refer section 2.5.1). Thompson and Yates (1999) previously fu rthe r 
investigated the comparison between MS2 and 0X174 inactivation at the  AWI 
interface by adding beads to  glass tubes to  produce a solid-water-a ir interface 
(SWI). They found tha t MS2 was inactivated at the SWI, and again, 0X174 was not. 
The m ixture o f soil and artific ia l groundw ater d iluent in the Petri dishes would have 
created AWI o r/and SWI as well, since the m ixture came in to  contact w ith  air on the 
surface as the Petri dishes were not filled  up. Therefore this study has confirm ed 
the findings o f these tw o  previous groups o f researchers, tha t MS2 is more easily 
inactivated than 0X174 at the SWI.
Based on the previous finding tha t AWI is created in batch studies using centrifuge 
tubes (Thompson et al. 1998), and on Ottawa sand (crystalline pure silica quartz) in 
column studies (Jin et al. 2000), this study fu rthe r suggests tha t MS2 inactivation 
could also be caused by the contact o f the  bacteriophage w ith  AWI on the  
amorphous Si related surface, as indicated by the MS2 inactivation model. 
However, th is e ffect only occurs under low pH, as shown by the results o f MS2 
batch experim ent using a m ixture o f KSF-nep.sye soils (Figure 6-1 and Table 6-2), 
and supported by the find ing  tha t nep.sye soil alone (pH 6.7) was unable to  attach 
or inactivate MS2 (section 6.3). Although the reactive Am. Si was dissolvable and 
extractable by the am m onium  oxalate reagent which was in low pH (section 3.9), it 
is not expected tha t the Am. Si related soil contents inactivating the MS2 in the 
actual experim ental condition o f this study, were in dissolved form . This is because 
the dissolution o f amorphous silica is very low, at less than 0.02%, even at pH 2 
(Alexander e t al. 1954).
7.16 Relationship Am ong A lum inium , Soil p H  and H^
Alum inium , soil pH and H^ were three predictors tha t were the most o ften 
identified significant predictors fo r bacteriophage removal o f this study. This study 
treated soil pH as a dependent soil property. This is because the value o f soil pH is 
influenced by the availab ility o f o ther soil properties (section 2.4.4). It has been 
shown in section 7.7 tha t the overall bacteriophage removal model based on logio 
transform ed and non-transform ed data seems to  have treated Al and soil pH as 
interchangeable. M eanwhile, H^ was found to  have little  corre lation w ith  soil pH (r = 
- 0.175, p = 0.329, Appendix C-6). Therefore in this section, the predictors o f Al, H^
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and soil pH were also assessed by linear regression using the logio transform ed soil 
properties data. The adjusted value fo r the Al, H^ and soil pH model was 0.841, 
0.780 and 0.891 respectively. The results were fo llow ed. The tables o f beta 
coefficients were shown in Appendix E-9.
Soil pH = 3.139 + 0.620 (Ca) -  0.341 (Fe) + 0.173 (M icrocline)
Al = 0.774 + 0.955 (Am. Al) -  0.756 (Ca) + 0.373 (Fe)
H  ^ = 2.687 + 0.352 (TC) -  0.440 (Am. Al) -  0.213 (HPC) + 0.234 (TIC)
-0 .2 0 0  (Soil p H )+ 0.200 (Ca)
It is known tha t Al and soil pH are related (Bottero et al. 1980). The partial 
corre lation between MS2 removal and Al remained significant (r = -0.668), a fte r the 
effect from  soil pH was removed, but the partial corre lation between MS2 removal 
and soil pH became insignificant when the effect from  Al was removed (r = -0.073, 
result not shown). Similarly, the partial correlation between 0X174 and Al was still 
significant (r = -0.615) a fte r the effect from  soil pH was removed, removing the 
effect o f Al produced insignificant partial correlation between 0X174 and soil pH (r 
= 0.035, result not shown). This suggests tha t in the three-w ay relationship o f 
bacteriophage removal, soil pH and Al, the effect o f Al on bacteriophage removal 
was independent o f the soil pH.
The zero-order corre lation between Al and Am. Al was insignificant (r = 0.110, 
Appendix C-6). However, Am. Al was the  most im portant p red ictor fo r Al according 
to  the  regression model o f Al as dependent variable. Further exam ination in to  the 
SPSS coeffic ient tab le o f the Al regression model revealed tha t suppression 
happened between amorphous Al and Al (Appendix E-9). The suppressor is mostly 
likely to  be soil pH, as Al and soil pH are closely linked (Bottero et al. 1980). 
Therefore, a bivariate partial correlation was perform ed between Al and Am. Al, 
contro lling fo r soil pH. This yielded a significant partial corre la tion coeffic ient o f 
0.499 (result not shown). Hence, although the e ffect o f Al on bacteriophage 
removals were shown to  be independent from  soil pH (the preceding paragraph), 
soil pH would be the  determ in ing facto r if more Al were to  be made available from  
Am. Al. fo r fu rthe r bacteriophage removal. From the Al concentration reported in 
KSF conditioned supernatant o f pH 2 to  4 (Table 6-3), such fu rth e r release o f Al from  
Am. Al is likely to  happen only in pH below 3.
The H  ^ regression model showed tha t the availability o f H^ was less associated w ith  
soil pH. Instead, H^ was predicted stronger by higher organic m atter and calcium
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(hence also TIC). This is because vegetation, as reflected by organic m atter, 
produces H^through nutrien t uptake, whereas calcium might be indirectly linked to  
through dissolution of CaCOg (calcite) tha t produces weak carbonic acid and Ca 
(Loeppert and Suarez 1996). Am orphous Al was the strongest predictor fo r 
concentration, and the pair had negative corre lation. At pH 7.5 to  9.5, Al occurs as 
amorphous form  (Hem and Roberson 1967). This was also shown by the very low H^ 
concentration but extrem ely high Am. Al concentration o f nep.sye, and also the 
near neutral pH and very low Al concentration o f the nep.sye conditioned 
supernatant (Table 6-1, Table 6-2 and Table 6-3). Therefore, it could be said tha t 
Am. Al and H^ tend to  be m utually exclusive.
7.17 Soil M inerals, Cations and Bacteriophage Removal : Research 
Gap and Opportunity
By including both soil minerals and cations, in addition to  o the r soil properties in 
assessing the removal o f bacteriophages by natural soils, this study presented a 
broader view  o f w hat m ight actually happen on soil surfaces in the fie ld. This is the 
firs t tim e tha t soil minerals and cations from  natural soils have been linked together 
in a single bacteriophage removal study using many natural soils. It is im portan t to  
consider the effect o f cations and soil m inerals simultaneously in virus removal, 
because viruses may be attached to  soil d irectly  or through cation bridges (Saeki 
and Kunito 2010; Franchi et al. 2003). The exchangeable cations in the natural soils 
are im portan t to  the previous mechanism, while the soil m inerals are needed fo r 
the la tte r mechanism.
In assessing the relationship between soil m inerals and cations, this study holds tha t 
soil m inerals are the source of cations, as weathering would release cations from  
soils (Ouimet and Duchesne 2005). In order to  examine w hat soil contents had 
contributed to  the availability o f cations, regression analysis was perform ed. One 
cation each at a tim e was assigned as the dependent variable (predicted outcome) 
and all o the r soil properties (excluding bacteriophage removal and cations) as 
independent variable (predictors). For exploratory purpose, the soil minerals and 
organic m atte r were also assessed as dependent in separate regression analysis. 
The results were shown in Appendix E-10. Essentially, in term s o f positive 
relationship, K was predicted by mica, Na by m icrocline, Ca by TN, Mg by Am. Si and 
TOC, Al by Am. Al, Fe by smectite, Mn by verm iculite , and H^ by TOC. Fe was 
predicted by smectite, and Mn by verm iculite . Meanwhile, K and Ca were 
associated w ith  higher soil pH, whereas Al and Fe w ith  low er soil pH.
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Linking soil minerals to  the availability o f cations, m ostly measured as element, has 
been an advancing fie ld. It started from  the early m ethod o f fusing soil minerals 
onto  glass discs, increasingly im proved X-ray detection methods to  the use o f 
com puter program m ing based on the num ber o f minerals and num ber o f elements 
(Norrish and Hutton 1969; Harvey et al. 1973; Fabbi 1972; Posch and Kurz 2007). 
The technique is being refined, and the result could benefit many fields o f 
application. M icrobial risk assessment would be one o f those to  be benefited 
immensely. This study, through regression analysis, has shown tha t soil minerals 
and cations should be linked toge ther to  explain virus removal. By doing so, while 
also considering o the r soil properties, the research gap in virus removal studies le ft 
by soil heterogeneity is being bridged.
It has been recognized tha t virus transport and attachm ent is affected by 'media 
type ', in which soil classification based on size, texture, and origins (Table 2-1) were 
most often used fo r the media type characterization (Harvey and Ryan 2004). 
However, these more general levels o f soil characterization could not provide 
enough in form ation  fo r soil heterogeneity. This is because metal compounds 
notably Fe and Al oxides, and clay minerals in natural soils have large surface area 
and charged surfaces at normal soil pH (van Breemen and Buurman 2002), which 
provides soil surface charge variance (Douch et al. 2009). There are recent 
developments to  quantify  the overall charge o f whole soils based on the actual soil 
m inerals o f the soil samples, which may or may not include organic m atter (Taubaso 
et al. 2004; Lamas and Torres Sanchez 1998). M eanwhile, it has been shown tha t 
charge surge experienced by virus attaching onto heterogeneous surface can be 
calculated as energy function o f the horizontal distance from  the centre o f the 
patch on the soil m ineral w ith  d iffe ren t surface charge (Schaldach et al. 2006). 
Therefore, it is possible to  explain virus attachm ent or removal w ith  more 
heterogeneous natural soil, whereby previous a ttem pts were lim ited to  sandy soils 
(Van Cuyk and Siegrist 2007; Bales et al. 1995; Cao et al. 2010).
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CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS
This study aimed to  improve the understanding o f virus removal by natural soils, so 
as to  address the knowledge gap in m icrobial risk assessment. To achieve this, soil 
minerals and amorphous clay minerals were identified from  the lite ra ture  as tw o  
im portan t but overlooked soil properties in earlier studies tha t examined the effects 
o f soil properties on the removal o f viruses. The relative percentages o f crystalline 
soil minerals in the soil samples were determ ined by bulk soil XRD, which is the firs t 
reported tim e this technique has been used in a virus removal study. The 
concentrations o f amorphous clay minerals were also indicated through the 
concentration o f amorphous alum inium , amorphous iron, and amorphous silicon. 
These data were used alongside o the r examined soil properties to  produce 
regression models tha t predicted the removal o f bacteriophage MS2 and 0X174 by 
natural soils. The bacteriophage removal experim ents o f this study were perform ed 
using the Petri dishes - o rb ita l shaking incubator system, which was shown to  be 
equivalent to  the w idely used centrifuge tubes -  spiral ro lle r system. The Petri 
dishes -  orb ita l shaking incubator system is more space e ffic ien t and hence could 
facilita te  a greater ou tpu t o f the batch experim ent over the same period o f tim e.
A set o f data analysis steps was proposed to  investigate the  effect o f soil p roperty 
interactions on virus removal. Specifically, the concept o f m oderation and 
suppression, com m only applied in o ther research fields, was used fo r this purpose, 
through the analysis o f partial correlations. A m oderator increases the e ffect o f 
virus removal enhancement o f another soil property, or increases the effect o f virus 
removal a ttenuation o f another soil property. In contrast, a suppressor decreases 
those effects. Identification o f m oderators and suppressors o f soil properties tha t 
were significantly related to  bacteriophage removal is an integral part o f explaining 
the subsequent effects on virus removal. To date, such analysis has been d ifficu lt 
given the d iversity o f soil properties. Medians o f soil properties were also 
successfully used to  produce subgroup models tha t supported the findings from  the 
overall bacteriophage removal models, and also the partial corre la tion analysis. 
Comparison o f regression models based on logio transform ed data and original non- 
transform ed data showed tha t although the assumption o f homoscedasticity was 
not m et by the la ter model, the model also produced useful in form ation about the 
effect o f soil properties on bacteriophage removal, which could not been identified 
by the model based on transform ed data.
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The significant soil properties identified by most o f the bacteriophage models were 
Al, soil pH, H \ TOC, Am. Fe, Am. Si, smectite, verm iculite , mica and goethite. The 
results showed tha t the effect o f cations, organic m atter, amorphous clay m ineral 
contents, and crystalline soil m inerals should be linked toge ther in predicting virus 
removal. Al appeared as the  most im portan t soil p roperty in almost all o f the 
models. Partial correlation analysis showed tha t Ca was an im portan t m oderator fo r 
many soil properties tha t significantly affected the removal o f both MS2 and 0X174. 
The attenuation effect o f TOC on the removal o f both bacteriophages was 
moderated by Mg, and suppressed by Al, Fe and goethite. M ore MS2 was removed 
when the soil pH was near to  its 1ER, but the opposite was observed fo r 0X174. H  ^
attenuated the removal o f both bacteriophages at pH levels near to  the ir respective 
1ER. MS2 and 0X174 removal were high when Am. Si concentration was low, during 
which, Al and mica respectively was the most im portan t soil properties tha t 
enhanced the removal. A lthough high Ca and TN percentage caused low MS2 
removal, goethite, alongside Al, was able to  enhance MS2 removal. The subgroup 
model w ith  higher 0X174 removal showed tha t mica was m ore im portan t than 
sm ectite in enhancing 0X174 removal, although sm ectite was determ ined to  be a 
significant soil p roperty in the overall 0X174 removal model. Percentages o f clay 
and silt were significantly related to  the presence o f amorphous clay minerals.
This study examined 33 natural soil samples to  produce the  bacteriophage removal 
models. A lthough the sample size was bigger than had been used in most previous 
studies, it was found tha t the soil m ineral contents were not diverse enough, in tha t 
many o the r soil m inerals were not detected, most probably not present. Fitting the 
model produced from  this study w ith  the data published by M oore et al. (1981) on 
poliovirus removal by minerals and soils, showed tha t 21 o f 32 o f th e ir results could 
be predicted w ith in  one log o f discrepancy. The remaining non-predictable cases 
were related to  soil or rock com ponents tha t were not present in th is study.
It is recommended tha t fu rthe r w ork should be undertaken using the methods 
proposed by this study, w ith  natural soil samples acquired from  locations related to  
a w ider range o f soil orders. Based on Canadian soils, it has been shown tha t 
investigating one pedon o f soil (about one m etre square o f soil from  bedrock to  
topsoil) would produce enough in form ation  on clay m ineral availab ility fo r one soil 
order (Kodama 1979). Virus removal in fie ld applications have been overestim ated 
compared w ith  the supporting data from  parallel column studies and short distance 
fie ld studies, and the overestim ation increases w ith  distance (Schijven and 
Hassanizadeh 2000; Schijven et al. 2002). Hence, virus removal should be tested 
through batch and column experim ents using soil samples from  each horizontal 
layer o f the  soil pedons. There are existing models or knowledge tha t could assess
157
the hydraulic transport o f colloids through soil (McGechan 2002), virus transport 
through rock fractures (M ondai and Sleep 2013) and unsaturated soils (Yates and 
Ouyang 1992), kinetic m odelling o f virus removal at fie ld scale (Schijven and 
Simunek 2002), bacteria transport models through saturated porous media (Sen et 
al. 2005; Kanti Sen and Khilar 2006), and minerals deposition affected by rock- 
w a te r interaction (Le Gallo et al. 1998). However, soil m inerals and amorphous soil 
contents are not among the incorporated parameters in these viruses or bacteria 
related models, although some had taken note o f the soil minerals content; and 
virus removal is not included in those soil geochemical models. The results o f virus 
removal by d iffe ren t soil contents along the soil profile  should there fo re  be 
incorporated in to  those models.
O ther research themes as the fo llow ing are also recommended:
■ The mechanisms o f bacteriophage/virus a ttachm ent to  crystalline and 
amorphous clay minerals, and how the mechanisms are affected by the 
interaction o f o the r soil properties
■ The reversib ility o f the attachm ent o f bacteriophage/virus to  natural soil 
samples, in contrast to  its removal
■ Characterizing the d istribu tion  o f outbreaks o f viral diseases across 
d iffe ren t geographical area, based on a ttachm ent/rem oval o f surrogate 
bacteriophages in d iffe ren t soil orders
As m entioned previously, the d iversity o f soil properties is an im portan t 'unknow n' 
facto r tha t determ ines the m ob ility  and survival o f viruses in the  environm ent. The 
m ethod proposed in this study to  examine the effects o f soil property interactions 
on the removal o f bacteriophages, can also be applied to  o ther microorganisms or 
more specific land usage. For instances, pathogenic fungus in forests, or harm ful 
bacteria in livestock farm ing area. By combining the findings o f soil properties 
in teraction w ith  assessments o f o ther fie ld criteria, m icrobial risk assessment in 
many applications can be im proved; such as determ ination o f the feasib ility  o f 
sludge application in potentia l places, identifica tion o f locations fo r w ater extraction 
or storage tha t w ill have m inim al m icrobial contam ination risk, or even health risk 
assessment o f bioaerosols orig inating from  soils. These holistic m icrobial risk 
assessments w ill not only benefit w a te r safety purpose, but also food safety and 
biodiversity preservation.
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Appendix A-1
Univariate Multiple Regression
Regression analysis assumes three variables. The first variable is the predicted 
outcome (dependent variable, represented as Y in Figure A-1 below. The next two  
variables are the predictor variables (independent variables, represented as X i and 
X2 ). The main assumptions of linear regression is that the variables are linearly 
correlated, and the there is no perfect multicollinearity (Field 2005). The 'second' 
variable (X2 ), represents a composite of many other predictor variables that are all 
showing effects on Y.
X2
Figure A-1 Relationship of Y, Xi and X2 
Zero order, partial, part correlation and multicollinearity
Multiple regression analysis typically presents the relationship of the predictor and 
predicted variables in terms of zero order, partial and part correlations coefficients. 
Part correlation is also known as semi-partial correlation. Examples of these three  
types of correlations were illustrated in Appendix A-2.
The zero order correlation coefficient refers to the Pearson correlation coefficient. 
It is a bivariate (two variables, the predictor variable Xi and the predicted variable Y) 
correlation coefficient whereby the effects of other predictor variable(s) (X2 ) on that 
tw o variables are not yet removed (Field 2005).
Partial correlation between Y and Xi is the remaining (residual) correlation between  
Y and Xi after the correlations of X2 w ith both Y and Xi were removed. Alternatively, 
this can also be described as 'the effect of the third variable (in this case the second
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predictor X2 ) was partialled out', or 'the effect of other variable(s) held 
constant/controlled' (Sheskin 2003; Stevens 1986).
Part correlation between Y and Xi is the remaining (residual) correlation between Y 
and Xi after only the correlation of between X2 and Xi were removed (Sheskin 
2003).
The second predictor (X2 ) could be independent (having no correlation) from the 
first predictor (Xi), while showing an effect (having correlation) on the predicted 
outcome (Y). This condition could be illustrated by picture E and F in Appendix A-2. 
However, it is also often possible that (X2 ) and (Xi) are mutually correlated, while 
both are also having effects on Y, which is represented by picture A to D in Appendix 
A-2. Such condition will produce multicollinearity (Leamer 1973; Field 2005; Tzelgov 
and Henik 1991).
Diagram of Zero order, partial and part correlation
R ,^ the coefficient determ inant of a regression, is the squared value of the 
correlation coefficient (r) between the predicted data (the regression model) and 
the observed data. On the other hand, R^  could also be represented by the ratio of 
regression model variance (A + B + C) to the observed data variance (A + B + C + E) 
(Figure A-1, Appendix A-1). Using these principles. Figure A-1 can be further 
dissected into tw o simple regression models. The first describes the relationship 
between Y and Xi (Y = aXi + c) and the other between Y and X2 (Y = bX2 + d). Hence 
the R^  value for these tw o simple regression models would be (A + B) /  (A + B + C + 
E), and (B + C) /  (A + B + C + E) respectively. The root square value of these tw o  
ratios would then be the zero order correlation coefficient between Y-Xi and Y-X2 . 
The partial correlation coefficient of Y-Xi is calculated by eliminating B, the shared 
variance between X2 and Xi, and also C, the shared variance between X2 and Y. W ith  
this the effect of X2 on both Xi and Y is 'removed'. The partial correlation coefficient 
between Y and Xi thus effectively becomes A /  (A + E). To produce the part 
correlation coefficient between Y and Xi, only the shared variance between X2 and 
Xi is removed, hence the value would be A /  (A + B + C + E). Note that the 
denom inator of zero order and part correlation coefficients are the same, and is 
always equals to one, as the standardized total variance value is equal to one. The 
diagrams in Appendix A-2 illustrated the zero order, partial and part correlation 
coefficients of different portions of variance sharing between Y, X i and X2 (Stevens 
1986; Tabachnick and Fidell 2007).
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Appendix A-2
Zero-order, Partial and Part Correlations
0.2 0.40.4
0.2
0.2 0.2
0.4
X
(A) Correlations of Y and X i
Zero order correlation r 
= 7 (0 .2  + 0 .2 ) /1 .0  
=  0 .6 3
Partial correlation r
= V 0 .2 /(0 .2  +  0.4) 
= V 0 .2 /0 .6  
= 0.58
Part correlation r
= V o .2 / 1 . 0  
= 0.45
0.5 0.50.2
0.1
0.2 0.2
0.5
X
0.3
0.1 0.1
0.5
0.1 'b .i
0.3
X
(B) Correlations of Y  and X i 
Zero order correlation r
= 7 (0 .2  + 0 .1 ) /1 .0  
= 0.55
Partial correlation r
= V 0 .2 /(0 .2  +  0.5)
= V 0 .2 /0 .7  
= 0.53
Part correlation r
= V o .2 / 1 . 0  
= 0.48
(C) Correlations of Y  and X i
Zero order correlation r 
= V (0 .3  + 0 .5 ) /1 .0  
= 0.89
Partial correlation r
= V 0 .3 /(0 .3  +  0.1)
= VO .3/0.4  
= 0.87
Part correlation r
= V 0 .3 /1 .0  
= 0.55
180
Appendix A-2 (continued)
0.1
0.4 0.5
0.5
(D) Correlations of Y  and X i
Zero order correlation r 
= V (0 .4  + 0 .1 ) /1 .0  
= 0.71
Partial correlation r
= V 0 .4 /(0 .4  +  0.1)
= VO .4/0.5  
= 0.89
Part correlation r
= V 0 .4 /1 .0  
= 0.63
0.8
0.2
0.6
0.2
0.8
0.8
0.20.2
0.6
0.4
X i
(E) Correlations of V  and X i 
Zero order correlation r
= Vo .2 / 1 . 0
= 0.45
Partial correlation r
= V 0 .2 /(0 .2  +  0.6) 
= V 0 .2 /0 .8  
= 0.50
Part correlation r
= V o .2 / 1 . 0
= 0.45
(F) Correlations of Y  and Xi 
Zero order correlation r
= Vo .2 / 1 . 0
= 0.45
Partial correlation r
= V 0 -2 /(0 .2  + 0 .2 )
= VO .2/0 .4  
= 0.71
Part correlation r
= V o .2 / 1 . 0  
= 0.45
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Top three suppressors and moderators o f MS2 and 0X174 removal 
in decreasing magnitude o f effect
S u p p r e s s i o n  o f  M S 2  r e m o v a l  :
Suppressors of Mg : 
Suppressors of K : 
Suppressors of TOC : 
Suppressors of H+ : 
Suppressors of Am. Fe : 
Suppressors of Am. Si : 
Suppressors of Goethite :
Goethite > Am. AI > vermiculite 
Mica > Am. A! > H+
Fe > A! > Am. A! = Albite 
TIC > Ca = Vermiculite > Mn 
Mn > Vermiculite >
Am. AI > vermiculite >
Albite > Calcite > Ca
M o d e r a t i o n  o f  M S 2  r e m o v a l  :
Moderators of Mg : 
Moderators of K : 
Moderators of TOC : 
Moderators of : 
Moderators of Am. Fe : 
Moderators of Am. Si : 
Moderators of Goethite :
Ca > TIC > Soil pH > K > Am. Si
Ca > TIC > Soil pH
TC > TIC > Ca > Mg > K
Soil pH > Smec-Verm > Goethite
Am. Si > K > smectite > Ca > HPC
Ca > AI > soil pH
Ca > Calcite > Albite
S u p p r e s s i o n  o f  0 X 1 7 4  r e m o v a l  :
Suppressors of Smectite : 
Suppressors of H"" : 
Suppressors of HPC : 
Suppressors of Ca : 
Suppressors of TOC :
Mn > Kaolinite > Am. Fe 
Soil pH > Fe > AI 
H+ > Mn > Am. Fe 
PSD > Am. AI > Am. Fe 
Al > Fe > Mn
M o d e r a t i o n  o f  0 X 1 7 4  r e m o v a l  :
Moderators of Smectite: 
Moderators of H+ : 
Moderators of HPC : 
Moderators of Ca : 
Moderators of TOC :
Ca > TIC > K > Am. Si 
TC > TN = TIC > Goethite 
Ca > Al > Soil pH 
None
TN = TC > TIC > Ca > Mg
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Appendix D
MS2 and 0X174 in 3.0 g  and 1.5 g  o f KSF and KID 
Logio Ratios of Removal, attachment and inactivation
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Appendix E-1
Scatterplot o f Soil pH , Ca, A1 and Fe against bacteriophage removal
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2 21 71 (smectite) 8
3 12 82 (smectite) 6
5 12 84 (smectite) 4
6 34 62 (smectite) 4
8 5 90 (smectite) 5
11 15 75 (smectite) 10
12 35 56 (smectite + dioctahedral vermiculite) 9
13 8 77 (smectite) 15
14 6 81 (smectite) 13
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* Expandables are swelling clay minerals, which could be smectite or vermiculite
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Appendix E-10
Linear Regression M odels : Predictors o f Cations, Soil Minerals,
and Organic Matter
Cation Adjusted Predictors
K 0.745 Mica, Soil pH, Albite (-)
Na 0.579 TN, Microcline
Ca 0.879 Soil pH, TN
Mg 0.641 Am. Si, TOC
A! 0.783 Soil pH (-), Am. AI
Fe 0.767 Soil pH (-), Smectite, Clay (-)
Mn 0.441 TN, Vermiculite, TIC (-)
0.770 Am. AI (-), HPC (-), TIC, Soil pH (-), TOC
Soil Mineral Adjusted Predictors
Smectite 0.576 K, Am. Fe
Vermiculite 0.510 Sand (-), TN (-), Clay (-)
Smec-Verm - -
Mica 0.777 Sand (-), K, Ca (-)
Kaolinite 0.825 Sand (-), Am. Fe, K, Mg (-), Fe
Quartz 0.587 TIC (-), Am. Fe (-), K
Goethite - -
Microcline 0.170 Clay
Albite 0.151 H" (-)
Calcite 0.782 TIC, Mg H ,  HPC
Fractions of 
Organic M atter
Adjusted R^ Predictors
TN 0.966 TOC, Am. Fe, Fe (-)
TC 0.996 TOC, Quartz (-), Kaolinite (-), Mica, TIC, Fe
TOC 0.995 TC, Quartz, Kaolinite, Mica (-), TIC (-), Fe (-)
TIC 0.892 Calcite, Mg, Goethite (-), Mn (-)
Note: (-) indicates negative correlation
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